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Abstract
Mobile Satellite Systems (MSS), providing world-wide voice and data communications 
are planned to come into service to complement the existing terrestrial cellular systems. 
As the demand for these services and the requirement for higher data rates and quality 
of service increases, the effects of the wideband mobile satellite propagation channel 
become more critical with respect to the overall system link budget. Propagation 
measurements have mainly concentrated on the characterisation of the narrowband 
satellite channel, in order to fully characterise the mobile satellite channel, wideband 
measurements are required.
A purpose-designed wideband channel sounder of the swept time delay cross­
correlation type was produced. The Sounder was designed specifically to operate 
simultaneously in two frequency bands, at L-Band (1540-1560 MHz) and S-Band 
(2315-2335 MHz). The main characteristics of the Sounder were a minimum delay 
resolution of 100ns, a dynamic range of 30dB and a modulation spectrum of bandwidth 
around 20MHz. Particular features incorporated were a range of code sequences 
(127,255,511 and 1023), in order to maximise the delay range and the ability to 
measure the absolute delay using an additional reference correlator in the receiver 
which mimics that in the transmitter. Both I  and Q outputs are available from each 
channel and the reference correlator output.
The wideband propagation measurement campaign applicable to mobile satellite 
communication systems at L and S - bands was implemented in the Urban, Suburban, 
Open/Highway, Heavily and Lightly Wooded environments covering an elevation angle 
range of 15° to 80°, around the Guildford area and at the University of Surrey during 
the Summer of 1995. A helicopter was used as a platform to simulate satellite 
transmissions and flew orthogonal to the measurement vehicle and in a hash (#) pattern. 
The former producing worst case azimuth results for attenuation and shadowing, but 
allowed for the stable emulation of the satellite propagation channel with a high degree 
of control over parameters such as speed and elevation. Omni-RHCP antennas were 
used on the helicopter and road vehicle, also LHCP hand-held antennas were used.
: Data analyses indicate that the satellite propagation channel is entirely different to the
conventional terrestrial mobile channel. The main reason for the difference is the 
j dominance of the LOS signal. The particular environment and elevation angle have an
: effect on the various wideband parameters, due to the geometrical relationships of the
various scatterers in the local vicinity within the environment and the elevation angle 
of the propagating signal. The results showed that the satellite channel usually has 
short multipath echo delays with Average Delays less than 1 (isec and RMS Delay 
Spreads less than 0.25 (xsec. The echo power levels were typically 10 - 20 dB below 
! the LOS signal and reduce with increasing delay. For short periods, (<1 second), far 
I echoes with delays around 2 jxsec were detected, with power levels typically around 
25 - 30dB below the LOS signal.
A wideband channel model is proposed applicable to mobile satellite systems at L and 
S-Bands. The model is of the Tapped Delay-line type, comprising a transversal filter 
structure with equidistant time shifted taps. The model parameters have been derived 
from the measurement campaign of this study, and defined by six discrete taps, where 
each tap is described by its complex time-varying amplitude including its statistical 
distribution and corresponding Doppler spectrum.
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Chapter 1. Introduction
1.0 INTRODUCTION
Now that terrestrial cellular mobile systems have become more affordable to the 
general public rather than just the business user, the areas that are not well covered, 
such as rural, open/highway areas with low populations are more noticeable. Personal 
communications from any where to any where at any time in the world has been a 
long-standing aim for the communications industry. This has to some extent been 
achieved with the terrestrial cellular systems on a local basis, but not on a global level. 
As the large multi-national companies are aware Global Personal Communications is 
the future market. Since and just prior to WARC’92 [1-11], several consortia have 
formed and applications have been filed to provide global mobile satellite 
communication services incorporating; voice, data, radio paging and global 
positioning services. The frequencies allocated for these services are shown in Fig. 
1.1-3
In the past decade (1983 - 1993) numerous studies have taken place to address some 
of the technical problems that need to be solved in order to provide a Mobile Satellite 
Service (MSS). These include; Which type of satellite orbit to use? What are the 
advantages and disadvantages to each type? What are the system implications, i.e. 
how many satellites are required to give full or sufficient global coverage? 
Fundamental to all these, and other questions, is the propagation data and channel 
characterisation, as all satellite systems employ radiowave propagation to carry the 
information. It is one of the aims of this study to make a contribution and to extend 
the propagation database applicable to mobile satellite communications and to assist 
planners in the design of such systems.
1.1 Satellite Orbits
Since the early days of satellite communications, the Geostationary Earth Orbit (GEO) 
has mainly been used, where only 3 satellites are required to cover the majority of the 
earth. The main problems are the required satellite transmitter power and signal 
propagation delay, in the order of 250 ms due to the satellite being approximately 
36000 Km from the Earth. This is unsatisfactory for mobile telephony 
communications, however, a system could use GEO satellites to relay or network
1
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control data to and from the various satellites that are in an orbit nearer to the Earth. 
These closer orbits require more satellites to provide full global coverage.
The orbits that have been considered for mobile satellite communications are:- 
Medium Earth Orbit (MEO), are in the region of 10000 to 15000 Km from the Earth, 
which gives propagation delays of 60-100 ms.
Low Earth Orbit (LEO), are around 700 to 2000 Km from the Earth, which gives 
propagation delays of 5 - 1 5  ms.
In order to give better visibility to various parts of the world both of the above orbits 
often are inclined to a certain degree with respect to the Equator. These orbits 
normally have a circular pattern and are termed, Inclined Circular Orbits (ICO). The 
extreme case of the ICO is the Polar Orbit, where the satellite orbits the poles of the 
Earth and is the chosen orbit for the Iridium Satellite System[l-9]. Fig. 1.1-1 
illustrates the Inclined and Polar Low Earth Orbital patterns with respect to the Earth.
Fig. 1.1-1 (a) Inclined Circular Orbit (b) Polar Orbit
Finally, there are the Highly Elliptical Orbits (HEO), which due to its orientation 
gives good visibility of the satellite for the user. However, it suffers like the 
Geostationary orbit from excess propagation delay, (250-400ms). This orbit has 
found favour due to the good satellite visibility, especially for Northern Europe to be 
used for Satellite Digital Audio Broadcasting services. The Molniya and Tundra are 
the most commonly known Highly Elliptical Orbits, which are illustrated in Fig. 1.1-2.
(a) (b)
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Table 1-1 gives a summary of some of the proposed systems with some propagation 
parameters applicable to each system.
Molniya
Fig. 1.1-2. Highly Elliptical Orbits - Molniya and Tundra
3
Chapter L Introduction
Table 1-1 Summary of Proposed Mobile Satellite Systems
System Aries Ellipso Globalstar Iridium Mags 14 Odyssey Project
21
Operator* Conselln.
Comms.
Ellipso Globalstar Iridium
Inc
ESA TRW ICO
Satellites 48 24 48 66 14 12 10
Planes 4 8 6 7 3 2
Orbit LEO Elliptic IC/LEO LEO MEO MEO MEO
Altitude
(Km)
1000 429-
2903
1401 785 10350 10354 10000
Inclination 90° 64° 52° 87° 56° 55° 70°
Delay (ms) 6-20 3-20 8-25 5-14 70 68-84 70
Free Space 
Loss (dB)
100 90 -112 99 94 117 121 122
Uplink
Frequency
1624.4 -
1626.5
1610-
1626.5
1610-
1626.5
1616 - 
1626.5
L -Band 1610-
1626.5
2483-
2500
Downlink
Frequency
2483-
2500
2483-
2500
2483-
2500
1616-
1626
L -Band 2483-
2500
2483-
2500
Access
Scheme
FDMA
CDMA
CDMA CDMA FDMA
TDMA
CDMA CDMA TDMA
Services + v, d,p v, d,p v, p, gps v, d,p v, d,p v, gps v, d, p 
gps
Operation 1998 1997 1998 1998 ** 1997 1999
* Satellite System 
Aries 
Ellipso 
Globalstar 
Iridium
Mags 14** 
Odyssey 
Project 21
Organisation/Consortium
Defence Sciences, Int. Microspace, Pacific Comms. Sciences
Mobile Communications Holdings Inc.,Matra Group, Fairchild
Loral, Qualcomm, Aerospatiale Alenia, Alcatel, DASA
Motorola, Brazilian Government, United Comms of Thailand,
Raytheon and Telespazio
European Space Agency
TRW Inc., Matra Marconi Space
Inmarsat
** Theoretical system study, unlikely to be developed in practice 
+ Services : v - voice d - data p - paging gps - global positioning service
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Fig. 1.1-3 WARC’ 92 & UK Frequency Band Allocation for Satellite Services
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1.2 Propagation Mechanisms
The propagation effects encountered in mobile communications can be attributed to 
three main propagation mechanisms: reflection, diffraction, scattering and refraction.
Reflection: arises when a propagating electromagnetic wave strikes an obstruction 
with dimensions very large compared to the wavelength of the radio wave. These 
reflected waves from buildings or the earth surface may interfere constructively or 
destructively at the receiver.
Diffraction: occurs when there is an obstruction blocking the path between the 
transmitter and receiver. Secondary waves are set up behind the obstruction even 
though there is no line-of-sight (LOS) between the transmitter and receiver. This 
explains how radio frequency (RF) energy can travel in urban and suburban areas 
without a LOS path. The effect of blocking the signal between transmitter and 
receiver is also called “shadowing as the diffracted waves can reach the receiver 
even though it is shadowed by an obstruction.
Scattering: happens when the radio channel contains objects with dimensions in the 
order of the wavelength of the propagating wave. Scattering, behaves in a similar 
manner to diffraction and causes energy from the radio wave to be re-radiated in many 
different directions. It has been found to be the most difficult of the propagation 
mechanisms to predict.
Refraction: The troposphere is a region in the lower part of the atmosphere where the 
temperature tends to decrease with height. The stratosphere, which is above the 
troposphere, is a region in the atmosphere where the air temperature is mainly 
constant with height. The tropopause is the boundary layer which separates these two 
atmospheric regions. This boundary layer can vary in height depending on the 
atmospheric conditions at the time from around 13 km in anticyclones and decline to 7 
km in depressions in the mid-latitude regions.
6
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Atmospheric refraction is due to the variations in the climactic conditions within the 
troposphere i.e. changes of temperature, pressure and humidity cause changes in the 
refractive index of the air. The main effects are localised refractive index fluctuations 
can cause scattering, additionally, quick changes in refractive index as a function of 
height can cause reflection of the radiowaves. However, a more complicated effect 
known as ducting can also occur. At low elevations, large scale changes of refractive 
index with height cause radiowaves to be refracted, extending the radio horizon 
distance beyond the optical horizon and have the potential to interfere with other radio 
communication systems at frequencies from VHF to the high microwave frequencies.
The formation of ducts is mainly caused by the water vapour in the atmosphere, which 
has a larger effect on the refractive index than temperature gradient. Ducts form 
mainly over large areas of water and warm seas. Calm weather conditions are required 
over these water masses for the formation of ducts. There are two forms of ducting, 
Ground Ducts and Elevated Ducts.
Ground ducts: are produced by either a mass of warm air arriving over a cold ground 
or the sea, or high humidity in the lower troposphere, or frost at night, cause ducts 
during the latter part of the night or early morning. This mainly occurs in desert 
regions and tropical climates.
Elevated ducts: are mainly caused by the subsidence of an air mass in a high pressure 
area, where, the air descends and is compressed, warmed and dried. These Elevated 
ducts occur mainly above the clouds.
These effects are beyond the scope of this study and are research topics in 
themselves. However, it is well known and observed that atmospheric refraction 
effects VHF and UHF TV signals in calm, high pressure climatic conditions during 
the Summer months around the south coast of the UK causing interference to and 
from other TV channel. Point to point UHF links are affected in a similar way. 
Additionally, atmospheric refraction via Elevated ducts can cause interference with 
ground to aircraft communications and in a similar manner will cause interference to 
satellite based communication systems at low elevation angles.
Communication engineers and planners are generally concerned with two main radio 
channel effects from the propagation measurements for mobile radio systems: link
7
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budget and the channel bandwidth. The link budget is mainly determined by the path 
length, which in turn gives an estimate of the received power, so providing the 
required transmitter power and is determined through Narrowband measurements. 
The channel bandwidth capability is determined by the frequency selectivity of the 
channel, arising from the effects multipath propagation. This is where replicas of the 
transmitted wave reach the receiver with different propagation delays due to the 
mechanisms described above. It is the frequency selectivity nature of the channel that 
determines the maximum transmission bandwidth and the data rate that can be 
achieved without equalisation and is determined through Wideband measurements of 
the propagation channel.
It is not only the satellite delay due to the distance involved, but the excess attenuation 
and signal spreading due to the environment that has to be considered. The 
attenuation and fading statistics of the channel have been characterised by the 
numerous Narrowband propagation campaigns that have been carried out over the 
past decade and reported in the literature [1-1,1-2,1-3]. The Wideband characteristics 
mentioned above are the subject of this study, whereas, other propagation effects that 
need to be addressed, such as, Faraday Rotation, Ionospheric effects and rain 
attenuation will be mentioned in the following, but not discussed in any great detail 
here, as they are each a subject in their own right.
1.2.1 Ionospheric Effects
The Ionosphere is an electrically charged gaseous region surrounding the Earth 
approximately 50 to 2000 km above the surface, where up to 500 km, the ionised 
layers are the most dense. All satellite communication systems have to propagate 
through the ionosphere and the amount of time the signal spends in the ionosphere 
depends on the elevation angle to the satellite and the position of the user on the 
Earth. The effects that signals mainly suffer are polarisation rotation, propagation 
delay, scintillation, absorption and dispersion. Most of these effects reduce with the 
increase in frequency [1-4]. However, a study has been commissioned to investigate 
and model these effects with particular attention to the frequencies allocated to mobile
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and other satellite communication, as there is very little propagation data at these 
frequencies (L and S-band) [1-5].
1.2.2 Faraday Rotation
A Horizontally or Vertically polarised electromagnetic wave propagating through the 
ionosphere will to some extent suffer a rotation in the plane of polarisation. This is 
termed as Faraday Rotation, the amount of rotation is dependent upon the frequency 
of the signal, the magnetic field strength of the Earth and the electron density of the 
ionospheric section the signal passes through [1-6]. The number of electrons in the 
path per m2 of the ionospheric cross-section is a measure of the electron density and is 
given as the Total Electron Content (TEC). The TEC varies with respect to 
geographical positions and solar activity and is given by :-
TEC = J N.dl electrons/ m2 (1.1)
Where, N  is the number of electrons/m3
dl is the incremental path length through the ionosphere 
The magnitude of the axis rotation may be given by [1-6] :-
0 = ( 2.36xl04 I f 2) ,  TEC.B cos((pB ) radians (1.2) 
Where, 0 is the angle of rotation
f  is the frequency
B  is the magnetic field strength of the Earth 
(pB is the angle between the magnetic field and the direction of 
propagation
The de-polarisation loss due to Faraday rotation for linearly polarised antennas is 
given by :-
Fioss = 2Ologio(cos0 ) (1.3)
As shown above the polarisation axis rotation is inversely proportional to the square 
of the frequency. Therefore, the polarisation loss decreases with the increase in 
frequency. This loss can be avoided by the use of Circularly polarised wave 
propagation, which is more suitable for combating the effects of the ionosphere [1-7] 
and minimises the requirement for antenna pointing. Therefore, circular polarisation 
should be used for mobile satellite systems.
9
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1.2.3 Rain Attenuation
Fortunately in the frequency bands (L-Band l-2GHz and S-Band 2-4GHz) considered 
in this study Rain Attenuation has no perceivable effect [1-10]. However, it does 
have an effect at frequencies in the EHF band (30 to 300 GHz) and future mobile and 
fixed satellite communication services have been allocated in this band. Particular 
care must be taken at frequencies around 22 GHz and 60 GHz as there is high 
attenuation at these frequencies due to water -vapour and oxygen absorption 
respectively. However, at 22 GHz the absorption is weak compared to 60 GHz.
\
1.3 Wideband Propagation
Wideband propagation data is required to assess the frequency selective nature of the 
propagation channel and to determine design parameters such as, the Average Delay, 
Delay spread and Coherence Bandwidth, which are performance limiting criteria of 
any digital radio communications system and are defined in Chapter 2. Analysis of 
the Wideband propagation data is required in order to determine which type of access 
scheme to use, whether the design of equalisers in FDMA/TDMA or delay prediction 
algorithms in CDMA receiver system designs are necessary.
| it should be remembered that a fixed satellite link is similar to a fixed terrestrial 
j microwave link, but with a link budget and circuitry to compensate for the increased 
I attenuation due to the physical distance. For the mobile satellite case shadowing 
! caused by the environment and movement of the satellite and the user are additional 
I complexities that must be addressed. It is how these additional factors are to be 
| compensated for is the reason that both Narrowband and Wideband propagation 
channel characteristics are required as a starting point for the design of any mobile 
satellite system.
10
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1.4 Study Significance and Originality
This study was undertaken as a continuation of the work proposed in the feasibility 
study [1-8] carried out by the University of Surrey on behalf of ESA and the 
successful high elevation angle Narrowband propagation measurement campaign, [1-
3] which followed. Originally, the study was to investigate the Wideband aspects of 
high elevation angle propagation, sponsored by the Radiocommunications Agency. 
However, with additional funding and sponsorship from ESA, propagation effects 
over a wide range of elevation angles were agreed to be measured. The environmental 
categories to be addressed were also agreed, these being; Urban, Suburban, 
Open/Highway, and Wooded, both Heavily and Lightly Tree Shadowed.
The main driving force behind this study has been the minimal amount of Wideband 
propagation data applicable to mobile satellite communications at or near the 
frequencies allocated at WARC’92. A dual Wideband propagation measurement 
campaign at L and S-band was planned, involving the design and fabrication of a 
suitable Wideband channel sounder. From the experience of the Narrowband 
campaign, the measurement campaign was carried out, using a helicopter again, as the 
alternative platform to simulated the satellite transmission. The objective of the study 
was to characterise the Wideband mobile satellite channel at elevation angles from 15° 
to 80°, at frequencies near those allocated at WARC’92 for mobile satellite 
communications as shown in Fig. 1.1-3.
In order to give an introduction to Wideband channel characterisation a review of the 
various system parameters and their relationships is given in a summary form in 
Chapter 2. Small, large and gross area characterisation definitions are given in section 
2.1, followed by, in section 2.2 the main Wideband parameters obtained from 
measurements are presented with the levels for data analysis as recommended by the 
ITU, where appropriate. An overall summary of some of the design properties that 
come from the various Narrowband and Wideband measurements are tabulated in 
section 2.3.
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Chapter 3, provides a brief overview of the numerous Narrowband propagation 
measurement campaigns that have been carried out over the past decade, (1984 - 94). 
A comparative summary of the Cumulative distributions of excess fade level results 
from the various studies throughout the world is also given. High elevation angle 
propagation measurements have more recently taken place in the UK., a review of 
these campaigns and their main results is given in section 3.2. Unlike the Narrowband 
case, very few Wideband measurements applicable to mobile satellite communications 
have been published. Those that have are detailed in section 3.3, with a summary of 
the main results from each campaign. Finally, an overall picture of where we are and 
what has been covered with propagation measurements applicable to mobile-satellite 
communication is summarised in section 3.4.
Chapter 4, details the main techniques that have been employed to make Wideband 
measurements both in the frequency and time domain. A description of each method 
and its applicability for Wideband mobile channel sounding is given along with some 
of the advantages and disadvantages of each technique. This initial section concludes 
with the choice of sounding technique that was to be adopted for the measurement 
campaign. The choice made from the discussion of the various merits of the 
Wideband sounding methods. The Wideband sounder design and its limitations are 
then described in detail in the remaining sections of Chapter 4, concluding with some 
performance data of the Channel Sounder.
In Chapter 5, the overall propagation measurement campaign is described, along with 
the flight strategies adopted and an analysis of the system errors that may be 
introduced. Problems associated with making helicopter measurements are discussed. 
A detailed description of the various environmental categories that were addressed 
and the routes taken during the measurement campaign are also given.
The results and analysis from this study are presented in Chapter 6. The results are 
discussed with reference to the effects on the various Wideband parameters, such as 
Average Delay, Delay Spread and Carrier to Multipath Ratio with respect to elevation 
angle for each environment.
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Chapter 7, introduces some additional work that has been carried out on Narrowband 
propagation channel models, combining the high elevation angle propagation data 
given in [3.2], with those given in the NASA reference publication 1274, [3-1] for 
elevation angles below 60°, leading to the more general Combined Empirical Fading 
Model. Using the results and the statistical model proposed by Lutz, [7-1], combined 
with the data from the high elevation campaigns of [3.2.2], the shadow factor and 
statistical coefficients for high elevations have been determined. The final sections 
are devoted to Wideband models. The terrestrial Wideband models developed from 
the RACE II CODIT and ATDMA research projects are summarised along with the 
tapped delay line model developed from the DLR measurement campaign. A 
Wideband model of the tapped delay line type applicable for mobile satellite 
propagation, which has been derived from the results of this study is proposed.
Finally in Chapter 8, the overall conclusions of this study along with some 
recommendations for future work to be carried out in the field of mobile satellite 
propagation.
This work has been the subject of 16 Conferences papers, an Electronics Letter and 
various contractual reports, a full publications list is given at the end of this Thesis.
The originality aspects of this study are summarised below :
1) New and original Wideband propagation results enabling the characterisation 
of the Wideband mobile satellite channel over a wide range of elevation angles 
and environments in two frequency bands (L and S).
2) The first simultaneous Wideband propagation measurements applicable to 
mobile satellite communications at L and S bands have been implemented.
3) The design and development of the first dual frequency band Wideband 
Channel Sounder, providing both I  and Q outputs from each channel.
4) The development of a Wideband propagation channel model applicable for 
computer simulations of mobile satellite communication systems.
13
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2.0 WIDEBAND CHANNEL CHARACTERISATION
Wideband measurements are made in order to assess the frequency selectivity of the 
propagation channel. Essentially the measurements provide system designers and 
planners with an idea of how much bandwidth the channel will sustain before 
excessive distortion occurs. The main wideband parameters that come from 
measurements are Average Delay, Delay Spread and the Coherence Bandwidth. These 
parameters are defined in section 2.4.1.
The system designer needs to know these wideband parameters as they set the 
limitations of the system. Multipath delay spread causes distortion in analogue and 
digital systems, to avoid this distortion transmission bandwidths of less than the 
reciprocal of the Delay Spread are necessary, else equalisers are required. In FM 
systems, the delay dispersion appears as intermodulation noise in the detected output, 
especially in FDM systems. In digital systems the dispersion causes intersymbol 
interference when the data rate approaches reciprocal of the Delay Spread. The extent 
of the distortion on the digital system is dependent on the modulation scheme 
employed. The accuracy of Narrowband position location systems depend on the 
Average Delay, too large delay will provide only a coarse estimate of position.
The frequency-selectivity of the channel is determined by the Coherence or 
correlation Bandwidth. This is a measure of the correlation of similar signals spaced 
in frequency, where different time delays along the constituent paths cause the 
statistical properties of the two signals on different carriers to be become independent. 
The measure of the frequency separation is the Coherence bandwidth. This is a useful 
parameter for system design, frequency planners and the evaluation of frequency 
diversity techniques.
The mobile radio propagation channel may be viewed as a time variant linear filter, 
when referring specifically to being constrained within the correlation bandwidth of a 
given channel. The behaviour of which can be described in terms of system 
functions, leading to a clearer understanding of the physical nature of the channel. In 
particular, when the channel statistics are assumed to be Gaussian, a complete
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statistical characterisation of the channel is possible once the mean and correlation 
functions are known. The development of the system functions in each domain and 
correlation function relationships have been described by Bello [2-1] and others in the 
literature [2-2,2-3]. An overview of the system functions, also referred to as the Bello 
Functions [2-3], is presented with actual data representations and the correlation 
function relationships summarised in tabular and diagrammatical form, full 
development of the expressions can be found in the references [2-1,2-2,2-3].
2.1 System Function Parameters
In order to characterise the fading multipath channel in the time-domain, a short pulse 
or impulse is transmitted over the time-variant multipath channel. The received signal 
appears as a train of pulses each being a replica of the transmitted signal that has been 
reflected from various scatterers. This time spreading of the signal is one 
characteristic of the multipath channel. In addition, each pulse echo would have some 
level determined by the path distance travelled and relative phase of the signal, this is 
due to the time variations in the structure of the medium. These received echoes 
would also appear random if the impulse were to be transmitted repeatedly and 
therefore, the multipath channel may be characterised statistically [3-4]. Given the 
above, the complex envelope of the signal may be represented by the general 
expression :-
x(t) = Re[z(t) exp(j27t/ct)] (2.1 )
Where, Re[.] is the real part of a complex function, z(t) is the complex envelope of 
x(t) and / c is the carrier frequency.
If it is assumed that the propagation delays (x) and attenuation factors (a) are time 
variant due to the medium of the channel, the received bandpass signal may be 
expressed as :-
w(t) = En a n(t) z[t-xn(t)] (2.2)
Where, n is the n th path and xn(t) is the propagation delay of the n th path.
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z(t)
w(t)
Fig. 2-1 Tapped delay-line model of a multipath channel
The above is the same as expressing the complex envelope of the time variant impulse 
response of the equivalent channel filter given by A(t,T), where the input and output 
complex envelopes z(t) and w(t) are given by the convolution relationship:-
w(t) = J A(t,x) z(t-x) dx (2.3)
This equation gives a physical representation of the received signal as a continuum of 
stationary multipath scatterers [2-2,2-4].
Fig 2-2 Input Delay-spread Function A(t,x)
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The time-variant impulse response is termed the Input Delay-spread Function
[2-1] and is shown in Fig. 2-2 above. The figure shows a typical sequence of power 
delay profiles from a 60 second or 100m travelled distance section of data in a 3D 
pictorial view. The first echo is that of the direct path signal, the subsequent echoes 
are from scatterers around 30 to 60m distant from the mobile, the far echoes are due to 
the Cathedral at Guildford.
In a similar manner the channel may be characterised in the frequency-domain in 
terms of frequency variables via the frequency equivalent of the time-variant impulse 
response [2-2]. This may be achieved by taking the Double Fourier Transform of 
h{t,x), the Input Delay-spread Function.
The frequency channel function H( /,v), relates the output spectrum W(f ) as a 
superposition of elemental Doppler-shifted and filtered replicas of the input spectrum 
and is expressed by:-
W (f) -  !H(/-v ,v) Z (/-v ) dv (2.4)
Output Doppler-Spread Function : Urban L-Band EL 45 Deg
“  Doppler-Spread [Hz]
Frequency [MHz]
Fig 2-3 Output Doppler-Spread Function H(/,v)
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The frequency channel function H( /,v ), is termed the Output Doppler-Spread 
Function [2-1]. The amount of Doppler-shift experienced by each of the frequency 
components of the multipath channel can be visualised through the characterisation of 
the channel in terms of the Output Doppler-Spread function. A model in the form of a 
dense frequency conversion chain gives a physical interpretation to the Output 
Doppler-Spread function, that is analogous to the tapped-del ay line model. A pictorial 
view of the Output Doppler-Spread function is given by Fig 2-3, for a typical urban 
received multipath signal at an elevation angle of 45°.
Two other system functions can be derived from the Fourier relationships of the two 
system functions described above. The first is by taking the Fourier Transform of the 
Input Delay-Spread function /z(t,T), with respect to the time variable (t) or the Inverse 
Fourier Transform of the Output Doppler-Spread function H (/,v), with respect to the 
Doppler-Shift variable,(v). The resulting system function is termed as the Time- 
Variant Transfer Function, T (/,t) [2-1], given by:-
T (/,t)  = J /z(t,T) ex p [-j27t/T] dT (2.5)
= J H (/,v) exp[ j27Wt] dv (2.6)
The input - output system relationship is given by:-
w(t) = J Z(ft T(/,t) exp[ j2nf t] d /
Fig.2-4 Time-Variant Transfer Function, T(/,t)
19
Chapter 2. Wideband Channel Characterisation
The system function termed as the Time-Variant Transfer Function, T(f,t) is 
essentially a snapshot in the frequency domain that would be viewed on a spectrum 
analyser, then as the mobile moves the next snapshot is taken. A 3D pictorial view 
illustrating the process is shown in Fig. 2-4, for a typical urban received multipath 
signal at an elevation angle of 45°. Fig.2-5 shows the time averaged plot of Fig.2-4, 
this shows the channel impulse response as seen on a spectrum analyser with a sweep 
averaging facility and illustrates the filtering of the transmitted signal.
Time-variant Transfer Function : Urban L-Band El. 45 Deg.
-10
-20
-25
-30
o -35
-40
-45
-50
-55
-60  L  
-40 4020 30-2030
Frequency [MHz]
Fig.2-5 Time Averaged Plot Time-Variant Transfer Function, T(/,t)
Similarly, mathematically, by taking the Fourier Transform of the Input Delay-Spread 
function /z(t,T), with respect to the delay variable, (t) or the Inverse Fourier Transform 
of the Output Doppler-Spread function H ^ v ) , with respect to the frequency variable, 
(/) the final system function may be derived. This system function has been termed 
the Delay Doppler-Spread Function, S(t,v) [2-1], given by:-
S(t,v) = j  Zz(t,T) ex p [-j27UVt] d t (2.8)
= J H (/,v) ex p [ jln fx]  d /  (2.9)
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Where from an engineering point of view gives a system function that provides an 
insight to the simultaneous time-delay and Doppler-shift domains. The input - output 
relationship is given by the following expression
w(t) = 1 j z(t~r) S(T,v)exp[ j2iwt] dv dx (2.10)
Fig.2-6 Delay Doppler-Spread Function, S(r,v)
The Delay Doppler-Spread Function, S(t,v), is also known as the scattering function 
and shows the Doppler-Spread of the multipath echoes and give an indication as to the 
direction the multipath has come from with respect to the movement of the vehicle, in
the figure shown below, there is no Doppler-shift in the direct path component due to 
the transmitter and receiver being effectively static, as the helicopter and measurement 
vehicle were moving in parallel to each other. However, there is Doppler spread as 
shown in Fig. 2-6 and 2-7.
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Delay/Doppler-Spread Function : Urban L-Band El. 45 Deg.
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Fig.2-7 Delay Averaged Plot of the Delay Doppler-Spread Function, S(x,v)
Fig. 2-7, shows the delay averaged plot of the Delay Doppler-Spread function, where 
the classic U-shape of the Clarke Model can be identified, with frequency components 
at ± 8.6 Hz, the maximum Doppler frequency, and the presence of a dominant direct 
path signal illustrated by the central peaks around the low Doppler frequencies.
The above relationships of the deterministic time-variant linear channel characteristic 
system functions with respect to each other through their Fourier and Inverse Fourier 
Transforms are illustrated diagramatically in Figure 2-8 and summarised in Table 2-1. 
The System Function Measurements are summarised in Table 2-3.
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F x/
Input Delay-Spread 
Function
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Delay-Doppler Spread Time-Variant Transfer
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S(t,u) T(f,t)
Output Doppler-Spread 
Function
F = Fourier Transform
p -1
r  = Inverse Fourier Transform
Figure 2-8 Fourier Relationships of the System Functions
As stated earlier the real multipath channel may be characterised statistically, i.e. the 
channel is a randomly time variant linear channel. To characterise such a channel 
practically, this can be achieved by acquiring a statistical characterisation of the 
system functions and their correlation functions. On the assumption that the output is 
a Gaussian process, a full statistical characterisation in terms of the measured means 
and auto-correlation functions can be made. This is comprehensively described in the 
paper by Bello [2-1] and in the references [2-2,2-3].
A summary of the correlation functions and their relationships are given below, which 
are illustrated diagramatically by Figure 2.9, along with a table of the various channel 
relationships [2-2]. The correlation functions for the four system functions described 
above are as follows:-
E[/z(t,T) &*(u/q)] = Rh(t,u (2.11)
E [T (/.t) T*(g,u)] = RT(/,g  ; t,u) (2.12)
E[H(f,v) H*(g,p)] = RH(/,g  ; v,p) (2.13)
E[S(t ,v) S*(t|,ji)] = Rs(T,rt ; v,|i) (2.14)
Where :- T ,r| are time-delay variables and v ,p  are frequency variables, 
and E  [.] is the ensemble average value and x*(.) is the complex conjugate.
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Figure 2-9 Channel Correlation Function Relationships
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2.2 Practical Channel Characterisation
Practical channels may be classified into three main types, those being: the Wide- 
j Sense Stationary (WSS) Channel, (E.G. a fixed microwave link). Uncorrelated 
Scattering (US) Channel (E.G. a tropospheric scatter link) and the Wide-Sense 
Stationary Uncorrelated Scattering (WSSUS) Channel (E.G. a mobile 
communications link).
I Many practical channels have fading statistics that are assumed to be stationary over
small spatial distances or short time intervals. These channels may not be strictly 
stationary, but they can be thought of as stationary in a wide-sense. These channels 
j are known as Wide-Sense Stationary (WSS) and have the property that the channel |
| correlation functions are invariant under a translation in time, i.e., the fading statistics
do not change over a short time interval, (At). This means that the auto-correlation 
functions for a WSS channel depend on the variables t and u only through (At = u - 1).
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The second channel type is the Uncorrelated Scattering (US) Channel, this is a 
channel in which the contributions from each scatterer with different path delays are 
uncorrelated. This means that the auto-correlation functions for a US channel will be 
singular in time-delay or frequency-shift variables, (t,T| or v,|i) respectively and may 
be expressed in terms of delta functions as ô(r|-T) in the time-delay domain and S(g-v) 
in the Doppler-shift domain.
The third and more important class of channels combine the above and are defined as 
Wide-Sense Stationary Uncorrelated Scattering (WSSUS) Channels. From the above 
definitions, it is inferred that the constraints of each channel type are simultaneously 
placed on a WSSUS channel which results in singular behaviour in both the time- 
delay and Doppler-shift variables.
Table 2-2 Correlation Functions for the various channel types.
General
Channel
WSS Channel US Channel WSSUS Channel
Rh(t,u ;T,r|) Rh(At ;t,t|) Ph(t,u ;t) 5(t|-t) Pi,(At ;t) ô (t|-t)
RT(/,g  ;t,u) RT(/,g  ; At) Rt(A/*; t,u) RxCAf; At)
R h( / , s ;v ,|ll) PH(/,g;v)ô(M,-v) Rh(A/' ;v,ti) Ph( A / »  ô(u-v)
Rs(T,n;v,n) P s(t,ti;v) ô(n-v) Ps(t ;v ,h)ô(îi-t) Ps(t ;v) ô(î |-t)ô(u -v )
Where, At = u - 1 and À/= g - /
The relationships between the correlation functions in the WSSUS Channel are shown 
diagramatically in Figure 2-10.
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F = Fourier Transform
F -  Inverse Fourier Transform
P h ( A /  ;v)
Figure 2-10 WSSUS Channel Correlation Function Relationships
The Quasi-WSSUS Channel was introduced, where for a restricted time interval and 
bandwidth the QWSSUS channel behaves as a WSSUS channel [2-1]. Outside this 
time and frequency restriction, the channel correlation functions can not be assumed 
to be time or frequency invariant. In order to characterise the multipath channel over 
longer time periods, the correlation functions obtained over small intervals should be 
averaged and determine the statistics of these averaged correlation functions. This 
leads to what has been termed as small / large area characterisation of the channel.
Table 2-3 Summary of System Function Measurement.
Function Measurement Method
h(t,%) Measured directly by time domain wideband sounders. Used in 
computer simulations.
T(f,t) Measured directly by Narrowband single frequency (cw) sounders.
H(f,v) Measured by frequency domain wideband sounders. Used in computer 
simulations.
S(T,V) Used to display the time and frequency dispersion of the channel 
simultaneously.
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2.3 Practical Channel Classification
2.3.1 Small - Area Characterisation
Small areas are taken to be represented by distances of a few tens of wavelengths and 
in general are chosen arbitrarily. Care should be taken with respect to the local 
topology which may cause significant changes over these short distances, for 
example, at road junctions in an urban environment. In practice, characterisation of 
the mobile channel involves taking the mean and correlation function of one of the 
functions described in [2-1], and as the channel is random, and has a zero ensemble 
average, this approach allows for measurements to be made in either the frequency or 
time domain, the other parameters being derived from the relationships between the 
system functions as described in [2-1, 2-2], given in Table 2-1 and shown by Fig. 2-8.
2.3.2 Large - Area Characterisation
Large-areas are described as being environments of similar type such as, urban, 
suburban open/highway. Large-area characterisation can be achieved in two ways. 
Firstly, by taking the average of a statistically significant sample of the results taken 
from small-areas, this yields a description of the slow fading process over large areas. 
This statistical analysis of wideband channels may be described by the distribution of 
the delay spread and average delay of the Average Power Delay Profile, as well as the 
Coherence Bandwidth. The equivalent Narrowband channel descriptors would be the 
level crossing rates and fade durations.
The second approach would be to analyse the variation of some of the functions 
described by Bello,[2-1] over large-areas. This involves determining the probability of 
occupancy and the distribution of the amplitude and phase associated in any delay bin, 
in the case of the Average Power Delay Profile [2-5,2-6,2-7]. For Narrowband 
channels this is equivalent to measuring the signal strength variation.
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2.3.3 Gross - Area Characterisation
The radio channel is however not restricted to only small or large areas, analysis of 
large-areas over grossly dissimilar propagation areas is also a requirement of the 
system designer. These gross-area descriptors are used to modify the basic free-space 
path loss equation, so that the gross channel characteristics for a given environment 
can be predicted. E.G. the additional loss factor representing the density of a wooded 
environment, or the degree of urbanisation. This leads to a practical description of the 
mobile radio channel, in order that the system designer can derive a realistic link 
budget, in terms of propagation path loss, incorporating fast and slow fading statistics.
2.4 Wideband Measurement Parameters
Wideband measurements yield the following parameters, which are divided into two 
types, Time Domain Parameters and Frequency Domain Parameters. Normally, the 
time origin is redefined so as to position the earliest received echo at f = 0 , then the 
function and subsequent parameters are defined in terms of the excess time-delay
variable T.
P(T) = P ( f - U  (2.15)
Where ta is the minimum arrival delay, normally the line-of-sight path and T0 >
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Figure 2.4-1. Measured Parameters of a Power Delay Profile.
2.4.1 Time Domain Parameters
2.4.1-1. Power Delay Profile
Measurements of the received signal power at excess delays relative to the line-of- 
sight (LOS) path, when plotted against time gives the power delay profile, p,(Tk), of 
the channel. The value Tk is the excess delay of the k  th echo seen at the receiver and 
the subscript i orders the set of profiles. These individual power delay profiles are 
termed small scale characteristics of the channel as defined previously.
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In order to obtain the large scale characteristics, the individual profiles are averaged 
over a number N of power delay profiles, thus the Average Power Delay Profile 
(APDP) P(Tk) is obtained. The impulse response Zz(t) of the channel is embodied in 
the APDP, has been shown [2-1, 2-2,2-8], to be :-
T3
Pi(^)dx=  <I/Kt«)I2> (2.16)
The Total Excess Delay (Td) has been defined [2-4,2-10] as the excess delay (T3 - T0) 
and the term in < > is the ensemble average. In the early literature [2-10], the Total 
Excess Delay has been referred to as the delay spread.
Two statistical moments which can be derived from the power delay profile, are the 
Average Delay (D) and Delay Spread (S) [2-2,2-9], which is also termed RMS Delay 
Spread when the Average Delay is used for the calculation of the delay spread.
M 0= J P ( t )  dx (2.17)
M  = k P ( x ) d T  (2.18)
M 2 = \%2P(% )di (2.19)
where, M 0 is the total power of the Average Power Delay Profile
and Mi  is the first moment of the Average Power Delay Profile
and M 2 is the second moment of the Average Power Delay Profile
2.4.1-2. Average Delay (D)
The Average Delay is defined as the first central moment of the Average Power Delay 
Profile with respect to the first arrival delay, which is the mean of P(xk), given by :-
D  =  M j M 0 = —1=— fT,p(Z.)dX (2.20)
P ( U -) T o
2.4.1-3. RMS Delay Spread (S)
The RMS Delay Spread is defined as the square root of the second central moment of 
the Average Power Delay Profile P(Tk), and is the standard deviation of P(xk), given 
by :-
S = V {M2/Mo-(Mi/M0)2 } = l - J - f (T, - ^ P(Tt)dT (2.21)
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These parameters are not sufficient in themselves to completely characterise the 
channel. Two other time domain parameters which are useful to the system designer 
and are defined by the ITU-R recommendations found in [2-9].
2.4.1-4. Delay Window (Wq)
The delay window is the duration of the middle portion of the delay profile containing 
a certain percentage q of the total energy in that profile.
Wq = (T2 —Ti)9 (2.22)
Where the boundaries Tj and t 2 are defined by
T 2 T 3
Wq= j  P(%k)dT = q \ P ( $ k ) d z  = qP($k) (2.23)
T i To
and the energy outside the window is divided into two equal parts [(l-g)/2] P(Tk). 
Delay Windows for 50%, 75%, and 90% of the total energy are recommended for data 
analysis.
2.4.1-5. Delay Interval (/p)
The delay interval is defined as the time difference between the points where the 
power delay profile first exceeds a point P (dB) below its maximum value and the 
instant where it falls below that level for the last time.
/ P= ( t5 -T 4)p (2.24)
Delay Intervals of 9, 12 and 15 dB below the peak value of the total energy are 
recommended for data analysis.
All the above definitions are illustrated by Fig. [2.4-1].
2.4.1-6. Carrier to Multipath Ratio (C/M)
Another useful parameter that results from wideband measurements is the Carrier to 
Multipath Ratio, which is the ratio of the power in the carrier component of the signal 
to that of the power in the multipath component. This is also referred to as the 
parameter K, of the Rician probability density function, known as the Rice Factor and 
is defined as:
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The parameter is obtained from the Average Power Delay Profile, given by the power 
in the LOS signal divided by the sum of the power contributions made by all the 
remaining echoes in the profile, such that
( X f l + T 0 ) + T fl
C/M=f ^ r ^ ;  ( 2 ' 2 6 )
( T a + T 0 ) + T fl
This gives the system designer a limiting figure, enabling a quality of service of a 
given equipment to be provided in a multipath environment, if the system is operated 
above a specified C/M ratio figure.
2.4.1-7. Echo Path Statistics
Other relevant statistical parameters derived from delay profiles that have been used 
for modelling and in simulations of the mobile radio channel [2-2], which give an 
insight to the physical nature of multipath channel are given by the following:-
i) Probability of an echo path arrival in each delay bin.
ii) The probability distribution of the number of echo paths in various excess 
delay intervals
iii) The probability distribution of the echo amplitudes in each delay bin.
iv) The Correlation Coefficients of echo amplitudes in neighbouring delay bins. 
Where, a delay bin is defined as the incremental excess delay interval.
Additionally, parameters such as the fading distributions and fading spectra and other 
Narrowband statistical parameters can be extracted from the wideband measurement 
data, such as Level Crossing Rates and Fade Duration statistics.
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2.4.2 Frequency Domain Parameters
2.4.2-1. Coherence or Correlation Bandwidth (Z?c)
If the signal bandwidth is large compared with the Coherence Bandwidth, the channel 
is frequency selective, and the signal is distorted non-linearly by the channel and is 
unpredictable. Conversely, if the signal bandwidth is small compared with the 
Coherence Bandwidth, the channel is said to be frequency-non selective and the 
distortion of the channel is predictable.
The Coherence Bandwidth is found from the Fourier Transform of the Average Power 
Delay Profile and is given by
C ( f ) =  jP(xt)-e dx (2.27)
Xo
Where, f  = (f2 - /O  is the frequency separation which the correlation function, C(f) 
decreases to an insignificant value. The Coherence Bandwidth Be is defined as the 
frequency for which \C(f)\ equals x% of C(f = 0). Values of 50% and 90% of 
correlation are recommended for data analysis.
Normalised Frequency Correlation Function 
of a Power Delay Profile showing the 
Coherence Bandwiths of Be ( 0.9 and 0.5)
i.Q_
0.9_
co
%
Ëo0
1
I  0.5
¥
LL
Frequency Separation (MHz)
Figure 2.4-2 Normalised Frequency Correlation Function
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The relationship between the Coherence Bandwidth and Delay Spread is derived in 
[2- 10,2-11], based on the approximating assumption that the amplitudes of the 
received multipath echoes arrive with fixed delays (x), that decay exponentially, then :
p(T) = l/27tS(t) exp(-x/S(t)) (2.28)
where, S(t) is the RMS Delay Spread as defined above.
It has been shown [2-11,2-12], that the bandwidth in which the amplitudes or the 
phases of two received signals have a specified degree of correlation. The correlation 
coefficient envelope for two signals separated by A/ and Af is given by the following 
expression [2-3] :-
p(Af,At) = J„2(2jc/mA()/(l+(27cA/)2S2) (2.29)
Where, J0( ) is the Bessel function of the first kind of order zero and f m = v/X is the 
maximum Doppler shift, for a vehicle velocity (v) and X is the wavelength of the 
propagating signal. Letting At = 0, the decorrelation of the two signals as their
frequency separation increases may be given as :-
p(Af,0) = l/(l+(2ltA/)2S2) (2.30)
given the criteria : p(Bc,0)=  0.5 (2.31)
Then, Be = l/2nS  (2.32)
and for two random phases of two received signals is given by :-
Bcp = Bc/2 (2.33)
2.4.2-2. Coherence Time (Tc)
The Coherence Time (Tc), like the Coherence Bandwidth (Be) can be defined as when 
the transmitted signal duration distortion becomes significant given a specified degree 
of correlation [2-3]. That is the minimum signal duration at which frequency 
dispersion becomes significant is inversely proportional to the maximum Doppler 
shift suffered by the signal,/m. The constant of proportionality can be assumed to be 
(1/4) as it is relatively arbitrary [2-3].
From Eqn.(2.1) assuming the same approximating criteria as above:
p(0,Tc) = 0.5 (2.34)
Therefore, p(0,At) = J02(2nfmAt) (2.35)
Giving, Tc = J„2(2jr/mAi)/2 = 9/167t/m (2.36)
34
Chapter 2. Wideband Channel Characterisation
Thus, a slowly changing channel has a large Coherence Time or a small Doppler 
Spread. In other words the distortion increases as the signal duration increases and 
similarly the Doppler spreading of the signal increases with respect to the 
transmission bandwidth such that significant broadening of the received spectrum can 
be observed.
For example, for a signal centred on frequencies at L- and S-Band say 1.55 GHz and 
2.6GHz respectively and a vehicle travelling at 30m/s (108 Km/h). The Coherence 
Time is approximately 1.2-ms at L-Band and 0.7 ms at S-Band. Therefore, signals 
with bit rates above 1 Kb/s can assume the channel to be time-invariant. It is normally 
assumed that the received signal waveform duration for digital transmissions is taken 
as the transmitted symbol period plus the channel rms delay spread as defined above.
2.4.2-3. The Scattering function
An expression for the autocorrelation function of the wide-sense stationary channel 
output, Rw(t,u) in terms of the scattering function, a  (t;d ) ! [2-2] is given by :-
Rw(t,u) = jj z(t -T)z*(u-r|)Rh(t,u;T,ri)</T dr[ (2.37)
From the double Fourier correlation function relationships shown by Fig. 2-9 relating 
Rh(t,u;T,r|) to Rs(T,rt;v,p,) is :-
Rh(t,u;T,r|) = Jj Rs(t,T| ;v , p.) .exp{-jf27t(vt-p,u) }dvd\i (2.38)
Rw(t,u) = JJ z(t -t)z*(u -ti) . JJ Rs(t,ti;v ,|i) .exp{-j2tc(vt- |iu )}dvd\i dx dr\ (2.39) 
Shown by Table 3-2. for a WSSUS channel the function Rs(t,ti;v,|J.) can be replaced 
by the Delay-Doppler cross-power spectral density, Ps( t ;v) giving :- 
Rw(t,u) = JJz(t -T)z*(u-ri).JJô(r|-T)ô(p,-v)Ps(T ;v) exp{-j27t(vt-pu)}dvd\xdTdr[ (2.40) 
Which reduces to :-
Rw(t,u) = JJ z(t -t)z*(u -t) Ps(t ;v) exp{-y'27uv(t-u)} dv dx (2.41)
The scattering function is a measure of the average power output of the channel as a 
function of the time delay (t) and the Doppler frequency (v), providing a pictorial
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representation of multipath propagation and shows the distribution of the received 
energy in a multipath environment.
Fig. 2.4-3 Delay/Doppler-Spread or Scatter Function Diagram
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2.5 Measurement Summary
Wideband measurements are carried out to asses the frequency selectivity nature of 
the channel, whereas, Narrowband measurements are made to asses the fading nature 
of the channel, both sets of measurements are needed in order to fully characterise the 
radio channel.
A summary of the design properties that can be acquired from these measurements is 
given in a tabular form below.
Wideband Characterisation
Propagation Parameter Design Property
Average Delay Ranging error in phase ranging 
systems
Delay Spread Data rate performance limit
Delay Interval and Delay 
Window
Low BER performance with C/I 
levels of KMB
Coherence Bandwidth Performance of Modulation and 
Diversity schemes
Doppler Spectra A pictorial view of multipath 
propagation indicating the significant 
scatterers
Narrowband Characterisation
Propagation Parameter Design Property
Amplitude Measurements 
C/I Ratio
Fade Margin
Receiver (Modem) Performance
Fade Statistics Transmission bit rates, Word length
Level Crossing Rates Error Correction Coding Schemes
Average Fade Duration Low bit rate Speech Coder frames
Doppler-shift Measurements Modem frequency shift tolerance
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3.0 MOBILE SATELLITE MEASUREMENT 
CAMPAIGNS
Propagation measurements applicable to mobile satellite communications systems 
have in the past decade (1983-1993), mainly concentrated on the characterisation of 
the Narrowband channel, a good review of which is given by J. Goldhirsh and W J. 
Vogel in the NASA reference publication 1274 [3-1]. However, the review reports on 
measurements carried out below 60°. Results from high elevation Narrowband 
propagation measurement campaigns have been reported more recently [3-2,3-3,3-4], 
which completes the picture in order to fully characterise the Narrowband channel. 
From these propagation studies a number of Narrowband channel models have been 
proposed, which characterise the Narrowband Mobile Satellite Channel. Some of 
these models have been combined with the results from high elevation angle studies 
cited in the references, to produce a more general model which is presented in more 
detail and discussed in Chapter 7. An summary overview of the Narrowband 
campaigns and their main results given in tabular form is presented in the next few 
sections which are discussed in more detail in [3-1].
3.1 Narrowband Campaigns
During the past decade (1983-1993), a number of Narrowband propagation studies 
applicable to mobile satellite communications systems have been undertaken by 
various organisations in many countries throughout the world. An extensive database 
from the measurements has been collected by the University of Texas and the Johns 
Hopkins University in the USA. The other main contributions of the propagation 
measurement data came from Canada, [Butterworth, 1984], in Europe, [ESA, 
PROSAT Campaign, 1986], in England [Smith et al 1990/92, Butt, 1991/92] and from 
Australia [Bundrock, 1988, Vogel, 1991]. Most of the studies were carried out at 
satellite elevation angles below 60°, with the exception of the contributions made 
from England.
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The main propagation effects discussed in these studies have concentrated on the 
excess loss caused by shadowing from trees and buildings in rural and suburban 
environments. The measurements were made via satellites as well as from a variety of 
alternative platforms; Towers, Balloons, Aircraft and Helicopters simulating the 
satellite transmissions. From the measurement data, statistical and empirical models 
have been developed to assist satellite communications systems designers.
A summary of the above measurement campaigns comparing the 1% and 10% excess 
fade probabilities from the cumulative distributions is given in Table 3.2-1, the results 
presented are from [3-1].
Table 3.1-1 A Summary of the Cumulative Fade Distributions of Narrowband 
Mobile Propagation Measurements at L-Band in various Countries
Country Elev.
Angle
(deg)
1%
Fade
Level
(dB)
10%
Fade
Level
(dB)
Reference
Date
Remarks
Australia 1 30° 16.7 10.8 Bundrock 
and Harvey 
1988
1.55 GHz helicopter 
measurements in a tree 
lined road, Melbourne
Australia 2 45° 13.5 8.8
Australia 3 60° 11.3 7.1
Australia 1 40° - 6.1 Vogel et al. 
1991
Using the ETS-V and 
INMARSAT - Pacific 
geostationary satellites in 
different environments.
Australia 2 51° 12.2 4.0
Belgium 26° 20.3 7.3 Jongejans et 
al. 1986
ESA-PROSAT experiments 
using the MARECS-B2 
satellite in a hilly area with 
bare trees lining the road
Canada 1 
Suburban
19° 11.0 3.5 Butterworth
1984
1.5 GHz measurements in 
Ottawa, Ontario via 
MARECS-A satellite in
Rural Forest/ Farmland and 
Suburban areas
Canada 2 
Forest
19° 20.0 8.0
Canada 3 
Farmland
19° 21.0 10.5
England 40° 9.0 5.6 Smith et al. 
1990
L-Band measurements from 
an aeroplane in tree lined 
roads
Japan 46° 6.3 2.0 Saruwatari 
et al 1989
Measurements via ETS-Vin 
Urban and Suburban areas
USA 1 20° 25.9 15.3 Goldhirsh 
and Vogel 
1990
L-Band measurements 
using a helicopter in tree 
lined roads around the 
University of Texas
USA 2 30° 21.5 11.0
USA 3 45° 14.8 6.1
USA 4 60° 8.2 3.4
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The main outcome from the various Narrowband measurement campaigns above is 
that a number of models, both empirical and statistical have been developed and are 
discussed in [3-1]. Some of these models are presented, where applicable, in more 
detail in Chapter 7.
The Empirical Roadside Shadowing model developed from the measurement 
campaigns of Vogel et al. [3-1] is shown graphically in Fig 3.1-1 and 3.1-2.
This model has been developed from the L-band Cumulative Fade Distributions of 
helicopter - mobile and satellite - mobile measurements taken in and around central 
Maryland, USA, by Vogel and Goldhirsh. The measurements were obtained over 600 
Km of driving distance covering path elevation angles of 21° ,30° ,45° and 60°.
The ERS Model is given by :-
A(p,9 ) = -M(0).Ln(p) +N(Q )
Where, A  is the fade in dB, p is the percentage of the distance travelled over which 
the fade is exceeded and 0 is the path elevation angle to the satellite. With the 
vehicle travelling at constant speed p is also the percentage of the time the fade 
exceeds the abscissa value.
Where, M(0 ) = a + b9 + c6 2 /V(6) = d8 + e
and a = 3.44 b = 0.097 d = - 0.443
c = - 0.002 e = 34.76
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Empirical Roadside Shadowing Model at 1.5 GHz
30
 ERS 1%
- -  ERS;10%  
— - ERS 20%, 
o  Data il %
*  Data 10%
25
20
T3
15 40
Elevation Angle [deg]
45 6050 55302520
Fig. 3.1-1 ERS Model : Fade Level vs. Elevation Angle
Empirical Roadside Shadowing Model at 1.5 GHz
Elev Ang. Curves -  20:60 deg.
,50 \4 0 3060'
O)
30I 15 20
Fade [dB]
Fig. 3.1-2 I ERS Model ; Fade Level vs. Percentage Fade Exceedance
25-5
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3.2 High Elevation Angle Narrowband Campaigns
During the early 1990’s, there were two high elevation angle propagation 
measurement campaigns carried out in the United Kingdom. The first campaign was 
part of the Archimedes programme carried out by the University of Bradford, on 
behalf of the European Space Agency (ESA). The second campaign followed a 
feasibility study of satellite propagation measurements carried out by CSER 
University of Surrey [3-5], again for ESA. Both measurement campaigns were 
conducted independently from each other even though they were carried out at 
approximately the same time. The results and conclusions from both of these high 
elevation angle Narrowband measurement campaigns quantitatively showed that as 
the elevation angle increased the amount of attenuation or excess loss decreased.
3.2.1 University of Bradford Campaign
The propagation campaign carried out as part of the Archimedes Programme was 
performed by the University of Bradford, [3-2]. The campaign was carried out in two 
phases, and covered elevation angles of 40°,60°,70° and 80°. Phase 1, measurements 
were taken at L-Band (1556 MHz) and Phase 2, at S-Band (2619 MHz). A light 
aircraft was employed during the propagation measurements to simulate the satellite, 
flying in a clover leaf pattern over the mobile which received and recorded the cw 
signal. The environmental categories covered during the campaign were urban, 
suburban, rural and wooded, which were divided into three sub-classes; heavy, 
intermediate and lightly tree shadowed.
The main results from this campaign are detailed in reference [3-2], a summary of 
which is given in Table 3.2.1-1.
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Table 3.2.1-1 Fade Margins vs. Percentage Availability
Area Avail
(% )
Fade
L-Band
40°
Margin
Elev.
60°
(dB)
Angle
80°
Fade
S-Band
40°
Margin
Elev.
60°
(dB)
Angle
80°
Urban 99 13.1 10.7 8.1 17.3 15.4 13.0
95 8.2 5.9 1.3 12.5 11.0 6.7
90 5.5 3.8 0.9 10.1 8.7 4.3
85 4.5 3.1 0.9 8.7 7.4 3.2
80 4.0 2.7 0.8 7.6 6.3 2.7
70 3.4 2.4 0.7 5.8 4.8 2.4
Suburban 99 7.2 4.4 2.2 12.5 10.8 9.2
95 4.5 2.5 1.4 6.7 6.0 6.3
90 3.5 1.9 1.1 5.1 4.5 5.2
85 3.0 1.7 1.0 4.4 3.9 4.7
80 2.7 1.6 0.9 3.9 3.5 4.2
70 2.3 1.4 0.8 3.3 3.0 3.6
Tree 99 11.3 7.7 4.1 12.6 10.5 9.0
Shadowed 95 7.9 4.9 2.0 6.3 5.7 5.2
90 5.9 3.4 1.5 4.7 4.2 3.8
85 4.8 2.8 1.4 4.0 3.6 3.2
80 4.0 2.5 1.3 3.6 3.3 2.8
70 3.3 2.2 1.2 3.1 2.8 2.5
The main conclusions from this measurement campaign were
1) Problems associated with geostationary satellites in providing a Digital Audio 
Broadcasting (DAB) service could be significantly reduced by using a 
constellation of satellites in suitable high elevation orbits and that L-Band 
would be the preferred frequency for such a system.
2) The main numerical conclusions from the analysed results are tabled above.
The European Space Agency (ESA) have developed an empirical model from the data 
gathered during the PROSAT campaign at lower elevation angles and the data from 
the high elevation measurement campaign carried out by the University of Bradford. 
The model has been termed the Modified Empirical Roadside Shadowing model 
(MERS), [3-6] .
The model, has a similar form to the above, which merges the high elevation angle 
measurements from the various propagation campaigns sponsored by ESA with the 
ERS model, [3-1]. The Modified ERS model, (MERS) covers elevation angles from 
20 to 80 and Percentage Optical Shadowing from 35% to 85%. However, like the
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ERS model does not have frequency as an independent variable and therefore relies on 
scaling to obtain results in other frequency bands.
The model obtained by curve fitting the measured cumulative fade distributions is 
given by
F  (Pr, 6 ) = -A(9 ).Ln(Pr ) + JB(0 )
Where, Pr is the percentage of the distance (and time, with the vehicle at a constant 
speed) over which the fade is exceeded and 0 is the path elevation angle, 
and A (6 ) = a i0 2 + azO + ag, B (0 ) = b i0 2 + baO +bs
with ai = 1.117x10-4, a^ = -0.0701, as = 6.1304
bi = 0.0032 bz = -0.6612, b3 = 37.8581
The data used for the model was at L-Band a scaling factor of V(fs/fl) to obtain the 
excess attenuation at S-Band. The model is shown graphically^ Figs.3.2.1-1 and 3.2.1-2, 
and is compared with the Narrowband model developed as additional work from all 
the cited campaigns in Chapter 7.
30
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Fig. 3.2.1-1 MERS Model : Fade Level vs. Elevation Angle
MERS Model vs Elevation Angle at (1.5 GHz) L-Band
 1% Fade Exceedance;
- .  1.0%. Fade. Exceedance
 20% Fade Exceedance
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Modified Empirical Roadside Shadowing Model at 1.5 GHz
Elev Ang. Curves -  20:80 deg.
5  10
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Fade Level [dB]
Fig. 3.2.1-2 MERS Model : Fade Level vs. Percentage Fade Exceedance 
3.2.2 CSER University of Surrey Campaign
Following a feasibility study, [3-5] a scaled down propagation measurement campaign 
was carried out at L, S and Ku - Bands, (1.2978 GHz, 2.32/2.45 GHz, 10.368 GHz) 
simultaneously. The elevation angles covered were 60°, 70° and 80° over the 
environmental categories; Suburban, Wooded and Open/Highway. The campaign was 
carried out in two phases in order to asses the effects of seasonal variations of tree 
foliage on the propagation characteristics. During the propagation measurements a 
helicopter was used to simulate the satellite, flying parallel to the mobile, which 
received and recorded the Narrowband signal. The main results from this campaign 
are detailed in references [3-3, 3-4], and are summarised in Tables 3.2.2-1 and 3.2.2-2,
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Table 3.2.2-1 Summary of L, S and Ku - Bands Attenuation (Phase 1)
Freq. Prob.
Sub­
urban (dB)
Wood
(dB)
Open
(dB)
GHz % 60° 70°
©00 60° 70°
©00 70°
©00
1.2978 1 16.5 13.5 12.0 18.5 15.5 8.0 2.8 2.0
L-Band 5 8.0 6.0 4.6 11.0 7.1 4.5 2.2 1.2
10 5.0 2.6 2.5 7.5 4.3 3.0 1.8 0.9
2.450 1 18.5 17.0 16.0 22.5 20.5 - 3.5 2.0
S-Band 5 9.0 8.9 8.5 13.0 10.6 - 2.6 1.6
10 6.0 6.0 6.0 8.8 6.5 - 2.0 1.4
10.368 1 27.5 27.1 26.0 28.0 26.8 24.0 4.0 2.5
Ku - 5 19.5 18.8 18.5 22.5 19.3 15.5 2.8 1.7
Band 10 13.0 12.5 12.5 18.5 14.7 10.5 2.3 1.4
Table 3.2.2-2 Summary of L, S and Ku - Bands Attenuation (Phase 2)
Freq. Prob.
Sub­
urban (dB)
Wood
(dB)
GHz % 60° 70° 80° 60° 70° 80°
1.2978 1 14.8 7.7 3.1 17.9 14.1 9.0
L-Band 5 7.9 2.5 1.6 11.2 8.0 4.7
10 4.8 1.6 1.1 8.4 5.7 2.6
2.320 1 18.9 12.8 7.2 20.7 16.3 14.3
S-Band 5 10.8 4.8 1.7 12.0 11.5 9.4
10 7.6 2.3 1.2 10.1 8.5 7.0
10.368 1 23.7 12.8 7.3 24.6 - 20.0
Ku - 5 16.4 3.5 1.9 18.7 - 11.0
Band 10 11.0 1.8 1.4 14.7 - 6.8
The main conclusions from this study were
1) Confirmation of the LMS channel dependency on the path elevation angle
2) Assessment of the link margin requirements for LMS systems as a function of 
radio frequency for specific environments.
3) Development of an empirical channel model which incorporates the elevation 
angle and radio frequency as separate variables.
The Empirical Model developed from the results of this high elevation measurement 
campaign [3-3,3-4] is detailed below.
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The Empirical Fading Model (EFM), takes the form:
M  = A.\n(P)+B  
where M  is the link margin in dB, P is the Outage probability (%) 
and A and B are regression coefficients.
A(Q,f) = 0.029.0 - 0 .182/ - 6.315 
B(Q,f) = -0.129.0 + 1.483/ + 21.374 
and 0 is the path Elevation Angle (Deg.), / i s  the frequency (GHz) 
and is applicable over a frequency range of 1.3 < f  < 10.4 GHz, and a link availability 
from 20 >P %> 1 for the L and S-Band frequencies, 
and 10 >P %> 1 for the S to Ku-Band frequencies.
The Empirical Fading Model developed from this high elevation angle measurement 
campaign is shown graphically in Fig 3-3 for Fade Exceedances of 1% and 10% at L, 
S and Ku-Bands.
Empirical Fading Model vs Elevation Angle at L, S and Ku-Band
1% Fade Exceedance
o 15
10% Fade Exceedance
Elevation Angle [Deg.]
Fig. 3.2.2-1 Empirical Fading Model : Fade Level vs. Elevation Angle |
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The Empirical Roadside Shadowing model developed by Vogel and Goldhirsh [3-1] 
from their various measurement campaigns has been adopted by the ITU-R and is the 
recommended propagation model for link attenuation due to roadside tree shadowing 
for LMS system design. The ITU-R also recognised the work of the high elevation 
angle studies had verified and confirmed that the ERS model could be extended to 
80°. This confirmation not only came from the measurement campaigns cited above 
but also the modelling work that followed and is reported in the Narrowband 
empirical modelling section of Chapter 7.
3.3 Wideband Campaigns
Wideband propagation measurements carried out over the past decade have mainly 
been concentrated on terrestrial systems and within building or out-door to indoor for 
wireless network applications. The results from these campaigns have been published 
in the literature and in several text books [3-7, 3-8, 3-9]. There is however, very little 
data with respect to wideband propagation measurement campaigns that are applicable 
to mobile satellite communications. An early paper presenting wideband results from 
propagation measurements at UHF, showing the effects through trees at elevation 
angles around 20°, was reported by R.J.C. Bultitude [3-10].
Terrestrial wideband propagation results or models are not generally very reliable for 
mobile satellite systems. This is mainly due to two factors:
1. The transmission system usually operates at elevation angles of less j 
than five degrees.
2. The propagation exhibits multipath predominance and Rayleigh 
statistics, due to the lack of a clear line-of-sight signal component.
Terrestrial systems overcome these factors by a combination of slant range and higher 
Transmit power [3-11]. Satellite systems, on the other hand, normally have a line-of- 
sight signal component and have Rician and/or Log-Normal statistics, due to having a 
reduced dominant multipath component. Additionally, all satellite systems have a 
limited transmit power available.
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Recently, some results from various wideband propagation studies applicable to 
mobile satellite systems have become available in the published literature. These 
campaigns and some of their results are summarised in the following sections. An 
overall summary of the wideband measurement data to date is given in Table 3.4-2.
3.3.1 Motorola Measurement Campaign
Results from a study for Motorola, by W.J. Vogel [3-11], reporting on wideband 
propagation measurements conducted in the Chicago area in 1991 have been released. 
The L - Band (1600 MHz) measurement campaign used an aircraft flying at 11500 ft 
over various flight paths, to simulate a LEO satellite constellation and covered a wide 
range of elevation angles. The sounding technique employed a pseudo-random noise 
sequence signal at 20 MHz with a resolution in the order of 90 nsec. The results 
obtained show for a clear line of sight at 8° of elevation angle the 90% fade 
exceedance value is typically, 12dB. Delay Spread probability contours show that 
delays of 2ps or longer are suppressed by 25dB or more for 99.8% of the measured 
values. From these results it was concluded that multipath impairments induced by 
large buildings were not considered to be significant in LEO satellite communication 
system channels. These initial results need to be verified by other measurement 
campaigns in various environmental areas and over a wider range of elevation angles.
3.3.2 CRL PTT Japan Measurement Campaign
A mobile wideband propagation campaign was carried out by the Communications 
Research Laboratory Ministry of Posts and Telecommunications in Shinjuku Tokyo 
and Sapporo Japan [3-12]. The measurements were carried out in Urban, Suburban 
and Mountainous environments, using the ETS-V satellite (Engineering Test 
Satellite). A pseudo-random noise sequence signal (PRN-SS), with a code length of 
1023 bits and a chip rate of 2.4552 MHz was transmitted from the Kashima base earth 
station via the ETS-V satellite, which relayed the signal to a mobile receiver on-board 
a van with the data logging equipment. The PRN-SS was received in the mobile van 
via a coherent matched filter (CMF), quadrature detection of the complex correlator 
outputs was employed and a carrier recovery loop tracked the direct wave from the 
satellite.
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The propagation measurements were made at 1.5 GHz over elevation angles from 40° 
to 47°. The results from the measurement campaign showed there to be no multipath 
components with delays in excess of 1 .Ojis and delay spreads no greater than 0.2jxs. 
The Coherence Bandwidth was calculated from the results of the Delay Spread and 
reported to vary from 0.8 to 4 MHz. However, the results reported from these 
measurements suffered in resolution due to the clock frequency and code length used, 
these being 2.4552 MHz and 1023 respectively, which give a minimum resolution of 
400ns (120m), therefore most of the near echoes would be indistinguishable. The 
minimum resolution should ideally be in the order of 100ns (30m) for outdoor 
wideband measurements.
However, despite of the reduced resolution, the measurements were carried out via a 
satellite and over a typical transponder bandwidth. The overall results give a good 
indication to the performance that may be expected from an LMS communication 
system. Subsequent measurement campaigns, (including this one) using various 
platforms and employing higher resolution sounders have produced similar results.
3.3.3 CNET Measurement Campaign
A Narrowband and wideband propagation measurement campaign was carried out in 
Brittany (France), by V.Ciarletti and P. Le Menn for CNET/France Telecom and 
CEPT/CNRS, [3-13]. An experimental radio link at 1470 MHz was set up between a 
mobile vehicle and an helicopter. The results which were reported comprised both 
Narrowband and wideband attenuation, Delay Spread and Coherence Bandwidth 
statistics for various elevation angles.
The wideband measurements were carried out in September 1993 in a rural area, using 
a 511 bit m-sequence code with a chip rate of 25 MHz. The excess attenuation results 
reported, for both the Narrowband and wideband measurements were of a similar 
order to those presented by other Narrowband studies carried out and described in [3- 
1]. Frequency selective fading was found to be exhibited in only 5% of the measured 
data in the rural environment and that shadowing by various obstacles contributed the 
majority of the signal fading for both the wide and narrow band measurements.
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Results reported from this campaign showed that the Delay Spreads were typically 
less than 60ns, and for the worst case elevation angles below 20° the figure for 
Coherence Bandwidth (Bq.9) was greater than 2.8 MHz.
Continuous data was not collected in this campaign due to the method employed. The 
flight path configuration adopted (essentially a number of overhead passes in a 
particular pattern) requires precise alignment of the measurement start and stop times 
for each helicopter pass in order to determine the helicopter position with any 
accuracy.
GPS equipment does not function successfully due to the operating frequency being 
too close to the measurement frequency and the helicopter equipment transmission 
power level. The apparent speed of the helicopter varies as it passes overhead, that is 
more data is sampled at the lower elevations than the higher. This involves careful 
data processing for subsequent analysis to take account of all these aspects. This 
makes the method potentially complicated and not necessarily the optimum for 
wideband measurements when using a helicopter.
3.3.4 DLR, Inmarsat and ESA Measurement Campaign
A Narrowband and wideband propagation measurement campaign has been carried 
out by the German Aerospace Research Establishment (DLR) and the University of 
Rome, in co-operation with Inmarsat and ESA [3-14-17]. Some initial results of delay 
spreads, confirming those of Vogel above have been presented. The measurement 
system comprised a channel sounder CSPE 1800 of a similar design to that described 
in [3-8], with the carrier frequency adjustable in the 1.8 GHz band. The sounder has 
multiple m-sequence code lengths and chip rates of 10MHz or 30 MHz and a receiver 
dynamic range of 30 dB. The received data was recorded on a digital audio tape 
(DAT) recorder, along with additional auxiliary information, for subsequent data 
analysis. The transmitter was located in an aircraft, which flew over a predetermined 
flight path over the environmental category concerned and the receiver with the data 
logging system fitted into a van.
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The measurements were carried out over elevation angles in the range 15° to 80° and 
the environmental categories covered during the campaign were:- 
Urban, Suburban, Rural Open, Rural Tree Shadowed and Mountainous.
The results of the Narrowband measurements from this campaign were similar to 
those of the previous campaigns cited above. The overall conclusions from the 
wideband measurement campaign were that the wideband propagation channel is 
characterised by few echoes with short delays. The Delay Spread tended to decrease 
as the elevation angle increased. Generally, the Delay Spreads were usually less than 
600ns for impulse responses measured in an urban area with an elevation angle of 25° 
were found to be typical and the multipath echoes arrive within 2 jisec. The near echo 
amplitudes were found to be strongly attenuated by 10 -15dB and fall away 
exponentially. Hand-held and vehicle mounted antennas were used during the 
campaign.
It was found difficult to maintain a circular flight path centred over the measurement 
vehicle, thus causing a varying geometry. When the vehicle was mobile additional 
spreading would occur due to Doppler and this would vary as the vehicle was not 
travelling in a circles with respect to the aircraft, thereby making the results appear 
pessimistic. The measurement method does acquire wideband propagation results, 
however, it is debatable whether a circular flight path strategy is really representative 
of a satellite orbit. The measurements also showed that the power delay profiles 
changed rapidly between profiles, possibly due to there being little or no control over 
the aircraft speed from the ground. This indicated that the channel may not be 
stationary within the measurement duration of a single profile (60msec). Which 
implies that the data where this occurred is suspect as the whole theory relies on 
stationarity. Again with all the additional data processing required, this can not be the 
optimum method for wideband propagation measurements.
3.4 Summary of Mobile Satellite Propagation Measurements
A review of mobile satellite propagation measurements presented in tabular form for 
both Narrowband and Wideband measurement campaigns and their results summary.
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Table 3.4-1 Narrowband Mobile Propagation 10% Fade Exceedance Results
for the Tree Shadowed Environment
Elevation L-Band S-Band Ku-Band Ka-Band K-Band
Angle (Deg) 1 - 2 GHz 2-4 GHz 10-12 GHz 18-27GHz 30 GHz
20° 15.0 dB 35 dB 37 dB
30° 11.0 dB 25 dB 27 dB
40° 6.0 dB 10.0 dB 17 dB 18 dB
50° 4.0 dB 12 dB 13 dB
60° 3.5 dB 9.0 dB 19 dB 7 dB 8 dB
70° 3.0 dB 6.5 dB 15 dB
80° 2.5 dB 6.0 dB 11 dB
Table 3.4-2 Elevation Angles covered by Narrowband Mobile Propagation 
Measurement Campaigns 
___________________________________ Environmental Category_________
Band Freq.(GHz) Urban Suburban Open/Highway Wooded
UHF 0.8 -1.0 Terrestrial
<10°
Terrestrial
<10°
30o-60° [1]
L 1.0 - 2.0 13°-430 [2] 
40°- 80° [3]
19° [1]
40o-80° [3] 
60o-80° [4]
13°-430 [2] 
60o-80° [4]
20o-60° [1] 
24° [2] 
40o-80° [3] 
60o-80° [4]
S 2.0 - 4.0 40°- 80° [3] 40o-80° [3] 
60o-80° [4] 60o-80° [4]
40o-80° [3] 
60o-80° [4]
Ku 1 0 -12 60o-80° [4] 60o-80° [4] 60o-80° [4]
K 18-27 8°-40o [5]
K 18 30o-35° [6]
Table References
[1] J. Goldhirsh and W.J. Vogel.: ‘Propagation Effects for Land Mobile Satellite 
Systems: Overview of Experimental and Modelling Results. ’
NASA Reference Publication 1274, February 1992.
[2] E. Lutz, D. Cygan, M. Dippold, F. Dolainsky and W. Papke.: ‘The Land Mobile 
Satellite Communications Channel -Recording, Statistics and Channel Model.’ 
IEEE Trans. Vehicular Technology, Vol. 40, pp 375-386, 1991.
[3] H. Smith, J.G. Gardiner, S.K. Barton.: ‘Narrowband Measurements on the 
High Elevation Satellite-Mobile Channel At L & S Bands. ’ 
Radiocommunications Agency Contract Report RD EC/0693/87.
[4] G. Butt, B.G. Evans and M. Richharia.: ‘Narrowband Channel Statistics from 
Multiband Propagation Measurements Applicable to High Elevation Angle 
Land-Mobile Satellite Systems.’ IEEE JSAC, Vol. 10, No.8, Oct. 1992.
[5] J. Goldhirsh, W.J. Vogel and G.W. Torrence.: ‘K-BandMobile Propagation 
Measurements using ACTS. Troc. XVIINAPEX Conf. Pasedena, California, 
June 14th - 15th 1993.
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[6] F. Murr, B. Arbesser-Rastburg, and S. Buonomo.:6Land Mobile Satellite 
Narrowband Propagation Campaign at Ka-band. ’ Int. Mobile Satellite 
Conf. Proc., Ottawa 1995, ppl34-138.
Table 3.4-3 Wideband Mobile Propagation Measurement Results.
Organisation Freq.
MHz
Environment
Category
Delay 
Spread (ns)
Coherence
Bandwidth
Bc(0.9)
MHz
Motorola 1600 Urban <2000 79.5 KHz
CRL Japan 1500 Urban < 200 1.0 MHz
CNET 1470 Rural < 60 2.65 MHz >2.8
DLR 1800 Urban < 400 398 KHz
Table 3.4-4 Elevation Angles covered by Wideband Mobile Propagation 
Measurement Campaigns 
____________________  Environmental Category_________
Freq.
GHz
Organisation URBAN SUBURBAN OPEN/
HIGHWAY
WOODED
0.800-
1.000
Terrestrial 0° Terrestrial 0° 20° [1]
1.600 Motorola 8°-70o [2]
1.500 CRL Japan 40o-47° [3] 40o-47° [3]
1.800 DLR 10o-90° [4] 10o-90° [4] 10o-90° [4] 10o-90° [4]
1.470 CNET 10o-50° [5]
1.550 CSER, UoS 15°- 80° 15°- 80° 15°- 80° 15°- 80°
2.325 CSER, UoS 15°- 80° 15°- 80° 15°- 80° 15°- 80°
Table References
[1] R.J.C. Bultitude.: 1 Measured Characteristics o f800/900 MHz Fading Radio 
Channels with High Angle Propagation Through Moderately Dense Foliage. ’
IEEE JSAC Vol.5, No.2, Feb. 1987.
[2] N. Kleiner and W.J. Vogel.: ‘Impact o f Propagation Impairments on Optimal 
Personal Mobile Satcom System Design.1 Australian Conf. in Adalade Nov. 1992.
[3] T.Ikegami, Y.Arakaki, H.Wakana and R.Suzuki.: ‘Measurement o f Multipath 
Delay Profile in Land Mobile Satellite Channels.1 Proc. of the International 
Mobile Satellite Conf., Pasadena, 1993.
[4] G.E. Corazza, A. Jahn, E. Lutz and F. Vatalaro.: ‘Channel Characterisation for 
Mobile Satellite Communications.1 First European Workshop on 
Mobile/Personal Satcoms EMPS’94.
[5] P. Le Menn, V. Ciarletti, A. Levy and M. Sy\vam.:‘Wideband Characterisation of 
the Mobile-Satellite Propagation Channel with a Helicopter.1 44th Vehicular 
Technology Conf. Proc., Stockholm 7-10th June, 1994, Vol 2, pp 924 - 928.
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3.5 Need for Further Measurements
From the literature, the propagation database as indicated by the above tables show 
that there are large areas where there is insufficient data. This is particularly the case 
for future mobile satellite systems which intend to use or extend into the S-Band 
frequencies that have been allocated. As shown above there is very little S-band 
Narrowband or wideband data available to the satellite system designer. This data is 
required in all the environmental categories and elevation angles but especially at the 
lower elevation angles, where the data is particularly sparse.
All the above wideband measurement campaigns that have employed alternative 
platforms for their measurements have adopted different flight strategies and used a 
variety of aircraft. To a certain extent this will have an effect on the overall accuracy 
of the measurements. To minimise these inaccuracies further measurement campaigns 
are required in order to average out these anomalies. Additionally, to determine 
whether the measurement results are independent of the flight strategy adopted.
Further measurements are required in order to validate and build confidence in any 
wideband propagation models that are developed from the campaigns cited above. At 
this early stage the only wideband satellite channel model reported in the literature is 
that developed from the DLR campaign. This model along with the terrestrial 
wideband propagation model developed from the CODIT and Race II-ATDMA 
research projects are discussed in more detail in Chapter 7.
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4.0 WIDEBAND SOUNDER DESIGN
The aim of this chapter initially is to describe some of the wideband sounding techniques 
that have been used in other propagation measurement campaigns. The advantages and 
disadvantages of each technique are discussed, in particular to the applicability with 
respect to a mobile/helicopter satellite simulation measurement campaign being borne in 
mind. The decision as to which method to use during the measurement campaign being 
based on the relevant merits of each technique and to the ease in which to design and 
build the necessary wideband sounder. The remaining sections cover various aspects of 
the wideband sounder design and its limitations and their effect on the measurement 
campaign.
4.1 Wideband Sounding Techniques
Wideband channel sounding may be categorised into two main methods, those that 
provide data in the Time-domain and those that provide Frequency-domain 
information. Frequency-domain sounders tend to use swept carrier (Chirp) or spaced 
tone techniques, whereas, Time-domain sounders use pulse techniques. 
Measurements of the Propagation Channel may be divided into two types; 
Narrowband and wideband measurements.
Narrowband measurements give a good indication of certain channel characteristics 
with respect to signal fading. Various fading statistics can be derived from the 
measured data, such as Level Crossing rates and average fade duration. However, 
wideband channel characteristics are also required by the system designer, in order to 
determine optimum methods of reducing or enhancing the effects caused by multipath 
propagation, for the overall system design. Such considerations as the amount of 
inter-symbol interference in high data rate systems that can be tolerated is determined 
from the wideband measurements, being proportional to the inverse of the Delay 
Spread. The bandwidth that is required before frequency selective fading occurs. For 
these and other propagation effects, the system designer requires the wideband 
characteristics derived from impulse measurements such as, Average Delay, Delay 
Spread and Coherence Bandwidth [4-1], as well as the other wideband parameters 
defined in Chapter 2.
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4.2 F req u en cy -d o m a in  T ech n iqu es
There are two frequency domain techniques that have mainly been used :
1) Spaced Tone Technique 2) Swept Frequency Technique
4.2.1 Spaced Tone Technique
The simplest method to obtain wideband channel characteristic measurements in the 
frequency domain can be achieved by the Spaced Tone technique, in which two 
adequately spaced carriers are transmitted [4-2] and the spacing varied in order to 
measure the Coherence Bandwidth, otherwise only correlation can be measured. This 
permits the study of the frequency selectivity of the channel directly, consequently the 
only wideband parameter to be measured is the Coherence Bandwidth. The main 
limitation of this technique is that the mobile needs to be stationary before data can be 
recorded, hence Doppler shifts cannot be extracted from these measurements.
4.2.2 Swept Frequency Technique
An alternative to the method above is to sweep a carrier wave over the bandwidth of 
interest, commonly known as the Swept Frequency technique or Chirp method and is 
well known from radar theory [4-2]. Other frequency swept systems, [4-15] have 
special chirp sequences with a lower crest factor for maximum likelihood estimation 
of the channel response. Normally, in the receiver a pulse compression filter is 
matched to the transmitted waveform. The time resolution of the measurement system 
is directly proportional to the bandwidth of the frequency sweep and the maximum 
measurable delay is equal to the sweep duration. This measurement technique allows 
for large ranges between transmitter and receiver, even when moderate output power 
is used, to be obtained. This method is also resistant to external interference from 
other services, and provides good utilisation of the available bandwidth. In addition, 
this technique does allow for channel measurements to be carried out with realistic 
vehicle speeds (say 50-60Km/h) and provide Doppler frequency information in Hz. 
The main disadvantages of this technique are in the system cost and complexity, fast 
switching synthesisers, high speed frequency sweep generators and A/D and D/A 
converters are required. In addition, a large amount of digital signal processing is
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needed to obtain the channel’s impulse response and to reduce the unwanted sidelobes 
produced by the Fourier transformed replica of the transmitted chirp.
4.3 T im e-dom ain  T ech n iqu es
Time-domain sounders use pulse techniques in the main, however, the periodic pulse 
technique has been used successfully in terrestrial wideband sounding in urban and 
suburban areas.
4.3.1 Periodic Pulse Technique
In a pulse channel sounder, a short duration RF-pulse is transmitted and the received 
signal envelope is detected in the receiver. The received signal is the convolution of 
the sounding pulse with the channel impulse response. The time varying effects are 
observed by periodically pulsing the channel. The pulse repetition rate must be 
sufficiently rapid to show the time varying response of individual propagation paths, 
but be long enough to ensure all the multipath echoes have decayed between 
successive impulses, this is a limiting factor of this technique [4-1]. Unless very large 
transmitter power is used, the distance between transmitter and receiver is limited. In 
addition, and more important is that this technique suffers from the lack of external 
interference suppression from other services. Only information about the received 
signal amplitude is obtained, it is not possible to recover anything about the Doppler 
spectra. However, this technique has been employed successfully in terrestrial 
wideband measurement campaigns [4-3].
Mathematically this technique may be expressed as
y(t) = J ô(t). /z(t - 1) dt (4.1)
where, y(t) is the channel output
8(t) is the input im pulse
/z(t) is the im pulse response function
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Figure 4.3.1-1, illustrates the technique, where, the pulse duration (Ti) determines the 
resolution of the minimum echo path. The pulse repetition rate (T2) is the maximum 
delay which an echo can be unambiguously resolved. However, in practice the pulses 
would be shaped to limit the transmitted spectrum.
Ti
« ► --------------
Figure 4.3.1-1. Periodic Pulse Technique
4.3.2 Pulse Compression Techniques.
Pseudo-random sounders make use of pulse compression techniques which are based 
on the theory of linear systems [4-4]. If white noise, w(t) is applied to the input of a 
linear system and a delayed replica of the input n(t - t) is correlated with the output 
w(t), the resulting cross-correlation function corresponds to the impulse response of 
the system Zz(t), evaluated at the delay time.
The above may be represented as :-
Rn(T) = j w* (t - T)./z(t)dt = No 5(t) (4.2)
Where, Rn(T) is the auto-correlation function of the noise
No is the single-sided noise power spectral density 
6(t) is the impulse function 
The output of the system is given by the convolution relationship :-
.Kt) = l f t © . n ( t - © d Ç  (4.3)
The cross-correlation of the output and the delayed input is :-
Rnw = J «* (t - T).w(t) dt (4.4)
= j h(Q  dÇ I n(t - Ç). /z* (t - t )  dt 
= |  /;© . R„(t - Ç) dÇ
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= NoJ % ). 8(i - Ç) dE,
= No./z(t) (4.5)
This implies that the evaluation of the impulse response of a linear system requires the 
generation of a waveform with a white noise characteristic and a method of 
correlation processing. The waveforms with a noise like characteristic most 
commonly used are maximal length pseudo-random binary sequences (PRBS), also 
known as m - sequences. These are generated using linear feedback shift-registers 
and produce excellent periodic auto-correlation properties as illustrated by figure 
4.3.4-1.
The two main pulse compression techniques used in sounders are :
1) The Convolution Matched Filter Technique.
2) The Swept Time-Delay Cross-Correlation (STDCC) 
or Sliding Correlator Technique.
4.3.3 The Convolution Matched Filter Technique.
As the name implies, pulse compression is realised by the use of a filter which is 
matched to the sounding waveform. Surface Acoustic Wave (SAW) devices have 
been used successfully as the matching filter for this technique in terrestrial channel 
sounding measurements [4-5]. The main advantage of this technique is that as the 
SAW filter is matched to the specific m - sequence of the transmitter, the need to 
regenerate the same m - sequence at the receiver is avoided. This is effectively an 
asynchronous sounding method with some cost savings and certain reduced receiver 
complexity advantages. The system operates in real time owing to the matched filter 
output being a series of snapshots of the channel response, giving a time-domain map 
of the delay echoes.
The main disadvantages of this technique for channel sounding purposes are that 
expensive equipment is required to record the real time information, as well as 
complex bandwidth reduction circuitry is needed prior to recording. The SAW device 
used is limited by practical deficiencies in the manufacturing especially with long 
code sequences, which leads to a reduced sensitivity to small echoes and thus reduces
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the resolution of the sounder. Additionally, if different m - sequence lengths are used 
a separate matched filter has to be made for each code.
4.3.4 The Swept Time-Delay Cross-Correlation (STDCC) or 
Sliding Correlator Technique.
As the technique implies the method is based on a correlation process rather than on 
convolution. Real time correlation processing can be achieved using a bank of 
correlators with minutely small differing time delay lags. Equipment of this type has 
been manufactured in the past for other applications, however, it is cumbersome and 
impractical for mobile radio sounding purposes.
The correlation processing is achieved in practice, via a single correlator using a 
swept time-delay process. Whereby, the received signal is correlated with an identical 
m - sequence to that of the transmitter, or its inverse [4-15,4-16], but is clocked at a 
slower rate. The latter processing, realises a maximum likelihood estimation of the 
channel response which allows for a better dynamic range. Bandwidth Compression 
or Time Scaling is inherent with this technique, the scaling factor (k) being 
determined by the difference between the transmitter and receiver clock rates [4-6].
For example,/o = 10.0 MHz , /] = 9.9975 MHz
Then: (4-6)
K=  4000
In section 4.5.1 a more detailed discussion on the scaling factor is given.
A similar method is to use the same clock frequency in both transmitter and receiver 
but remove a clock pulse in the receiver after a set number of the code cycles, thereby 
the two m - sequences step past each other, rather than slowly drifting continuously 
[4-7].
The main advantages of the STDCC technique are the relative ease in which to build 
and implement the system due to the reduced Tx/Rx circuit complexity, the inherent 
bandwidth reduction allowing for simple data recording methods to be employed. 
Using this technique makes it possible to obtain a reasonably large range between 
transmitter and receiver, as the dynamic range of the system is a function of the code 
length, as discussed later. The method also suppresses external interference from other
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services, owing to the pseudo random code sequence transmitted. By providing 
different code lengths a variety of environments can also be addressed, as the 
maximum resolvable delay is determined by the code length chosen and the clock 
rate. This technique has been employed successfully in a number of terrestrial, as well 
as indoor wideband measurement campaigns, [4-8,4-9,4-10,4-11].
The main disadvantage is that very stable sources are required in both the transmitter 
and receiver. The technique is in certain situations, slow in capturing the data due to 
the scaling factor which gives the bandwidth compression, which also dictates the 
vehicle speed limit in mobile measurements.
Figure 4.3.4-1, illustrates the Periodic Auto-Correlation function with the various 
relationships of the chip rate (t0) and code length (m) where the bracketed numbers 
refer to the normalised case.
m [1]
Time ( t )
<
Code Repetition Length (m x  t 0)
Fig. 4.3.4-1 M  - Sequence Periodic Auto-correlation Function, [Normalised];
t = time delay, t0= chip rate(clock period) and Code Length (m)
Taking all of the above into account, the STDCC technique was chosen to be the 
sounding method adopted for the channel measurements. In the following sections 
the Dual Wideband Sounder Design is given in more detail.
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4.4 Dual Wideband Channel Sounder Design
The Dual Wideband Channel Sounder is based on the design by D.A.Demery and J.D 
Parsons [4-6,4-1], the general arrangement of the transmitters and receivers are discussed 
in sections 4.6 and 4.7 and shown by Figs. 4.6-1 and 4.7-1 respectively. The Sounder 
employs a pulse compression technique using the Swept Time-Delay Cross-Correlation 
(STDCC) or Sliding Correlator method, as described in the previous section. The 
received signal is correlated with an identical m- sequence to that of the transmitter, but is 
clocked at a slower rate. Bandwidth compression or time scaling is inherent with this 
process, the scaling factor being determined by difference between the transmitter and 
receiver clock rates.
4.5 Sounder Limitations
The design philosophy of the wideband channel sounder was such as to be as flexible 
as possible given the regulatory aspects set by the appropriate authorities, the 
following overall design parameters were fixed :
• Transmission signal frequencies (RF) and bandwidth allocated by the 
Radiocommunications Agency were :
1540 - 1560 MHz in L-Band and 2315 - 2335 MHz in S-Band,
giving a 20 MHz RF bandwith in each band.
• The maximum transmitted power was limited, to 1 Watt or +30dBm.
• The minimum receiver dynamic range should be at least 30dB.
• The m-sequence generator should designed to allow for a wide variety of 
environments that may be covered.
The only remaining design issue is the appropriate choice of Scaling Factor (K) which 
determines the bandwidth compression and in turn determines the speed of the 
vehicle. Due to its significance in the final hardware design, as well as how the 
campaign plan was carried out, it is discussed in detail in the following section.
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4.5.1 Scaling Factor
The Scaling Factor (K) is a key parameter in the design philosophy of a STDCC or 
Sliding Correlator Wideband Sounder [4-1], and is given by
# = / o / ( / o - / i )  (4.7)
where f 0 andf i  are the transmitter and receiver m-sequence clock rates, respectively.
The choice of Scaling Factor effects a number of the practical measurement 
parameters, such as the profile sampling rate, the vehicle speed as well as the 
correlation pulse shape. Cox [4-8] and Demery [4-6] used a value of 5000 for the 
Scaling Factor in their measurement campaigns. Cox noticed through experimentation 
that distortion of the correlation function occurred when the Scaling Factor was 
reduced to around 1000. The analysis work of Benvenuto [4-12] demonstrated the 
effects of the Scaling Factor on the correlation function for different low pass filter 
types (Integrate/Dump filter and the RC filter) as found in the receiver using the cross­
correlation method.
The effect of clock rate difference, or Scaling Factor provides the degree of 
bandwidth compression/time scaling. In addition, as shown in Figure 4.5.1-1, the 
amount the correlation function widens and the peak value are dependent on the level 
of scaling [4-12]. This in turn limits the sounder discrimination resolution as well as 
the dynamic range of the m-sequence itself as shown in Table 4.5.1-1, which lists all 
the parameters that are affected by the choice of the Scaling Factor. It should be 
noted that the expected code dynamic range1 is dependent upon the ratio of its length 
(M) to the Scaling Factor (K), which decreases with the increase in the (M/K) ratio. In 
order to maximise the code dynamic range of a fixed length m-sequence, largest 
possible value of (K) should be chosen. Unfortunately, the choice of Scaling Factor 
for wideband sounding cannot be seen in this context only. There are also conflicting 
requirements on the Scaling Factor from the channel sounding rate point of view. 
Large values of (K) produce a lower channel sounding rate which in turn places a 
limit on the vehicle speed such that Delay-Doppler (Scattering function) analysis can 
be performed on the channel data. Thus as indicated by Table 4.5.1-1, there are
iThe ‘Dynamic Range' listed in the table shows degradation due only to the Scaling Factor (K). The 
dynamic range reduces up to a further 6 dB due to other circuit elements [4-6], in practice.
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conflicting requirements on the choice of an appropriate Scaling Factor. From the 
cross-correlation function distortion point of view, the (M/K) ratio should not be 
greater than 0.5. Given this criterion, for the range of m-sequences under 
consideration, from Table 4.5.1-1, the minimum value of (K) of about 2500 
(approaching the 0.5 limit for the case of 1023-bit code sequence). Larger values of 
(K) would positively contribute to the available dynamic range of the code and hence 
less distortion in the output correlation function. However, an upper limit to the value 
of (K) around 5000 is reached, especially if longer codes are considered from a 
channel sounding rate and vehicle speed point of view. Vehicle speed limitation is 
potentially a two fold problem. It is dangerous to drive any vehicle very slowly on 
environmental routes which are in normal public use. Also it would be extremely 
difficult for the driver to maintain such a low constant speed for any length of time, 
not to mention the need to have a more sensitive measuring device for speed data 
logging purpose. Additionally the maximum Doppler that can be resolved (2 x v f c /c), 
where v is the vehicle speed,/c is the carrier frequency and c is the velocity of light, 
might already be in the close vicinity of the system phase noise in which case most of 
the Doppler information cannot be reliably detected.
Table 4.5.1.-1
Code
length
(M)
Scaling
Factor
(K)
M/K
Ratio
Pulse Peak 
Level (dB) 
[20*logl0(x)] 
x = 1- MI4K
Dynamic
Range(dB)
[20*logl0(M)]
Sounding 
Rate (Hz) 
[ IHoKM]
Max. vehicle 
speed Km/h.
[v= c/lMK'Zofc]
127 1000 0.1270 -0.28 42 78.74 27.40
3000 0.0423 -0.09 42 26.25 9.14
4000 0.0318 -0.07 42 19.69 6.86
5000 0.0254 -0.06 42 15.75 5.49
255 1000 0.2550 -0.57 48 39.22 13.66
3000 0.0850 -0.19 48 13.07 4.55
4000 0.0638 -0.14 9.80 3.42
5000 0.0510 -0.11 48 7.84 2.73
511 1000 0.5110 -1.19 54 19.57 6.82
3000 0.1703 -0.38 54 6.52 2.27
4000 0.1278 -0.28 54 4.89 1.70
5000 0.1022 -0.22 54 3.91 1.36
1023 1000 1.0230 -2.57 60 9.78 3.41
3000 0.3410 -0.77 60 3.26 1.14
4000 0.2558 -0.57 60 2.44 0.85
5000 0.2046 -0.46 60 1.96 0.45
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Correlation Function through an Integrate & Dump Lowpass Filter
m = 1023 
k = 50000.9
k =  1000
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.5-0 .5-1 .5-2
Time [Seconds] . - 7x 10"
4.5.1-1. Correlation Function Distortion due to Scaling Factor and 
Filtering Code Length = 1023.
Correlation Function through an Integrate & Dump Lowpass Filter
k=4000
0.9
'— -  m = 127
0.8 m = 1023
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.5-0 .5-1 .5-2
Time [Seconds] •7x 10"
Fig. 4.5.1-2. Correlation Function Distortion due to Code Length and Filtering
Scaling Factor K = 4000.
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4.5.2 Vehicle Speed vs. Channel Measurements
As discussed above Scaling Factor (K), has a major impact upon the vehicle speed and 
its impact on the experimental logistics. Inherently in this type of measurement 
technique as the RF frequency of the sounder goes higher the maximum speed at 
which measurements can be made reduces. This limitation makes Doppler 
measurements very difficult at realistic vehicle speeds when using a STDCC sounding 
method. If Doppler resolution is ignored, then, what improvement in vehicle speed 
may be achieved while still making valid channel measurements? The main point to 
consider is that the channel must remain wide sense stationary (WSS) over the 
sounding distance. In other words how many ‘profiles per meter’ can be achieved and 
still have a WSS channel? For example, it can be argued that for the urban 
environment, more profiles per meter of the travelled distance are required to ensure 
that the channel is stationary over the sampling duration, as the link geometry may 
considerably change over short distances, such as for this study. Figure 4.5.2-1 and 
Table 4.5.2-1 illustrate the outcome of the speed limitation analysis. As can be seen, 
the higher the number of profiles/m, lower is the maximum allowable speed, also the 
longer the m-sequence code used, the lower the maximum allowable speed. For this 
study the following profiles per meter were adopted for each environment, the choice 
of the code length was made in the field, and remained fixed for that particular 
category during the measurements.
Through practice with a number of different drivers the most convenient vehicle 
speed was determined to be around 6-7 Km/h which could be maintained comfortably 
in second gear. This was due to the low gear ratio of the Mercedes van that was 
specifically purchased for the measurement campaign.
Taking all the parameters that are effected by the Scaling Factor and realising a 
practical vehicle speed, a Scaling Factor of 4000 was adopted for the Dual Wideband 
Sounder design. A Channel Sounding Rate of 20 profiles per second and code length 
of 127 for most of the measurements was chosen as shown by Figure 4.5.1-2 above 
and in Table 4.5.1-1 by the shaded area. There were 8 samples per lOOnS, giving a 
profile sampling rate of 80 MHz, this was achieved by slowing down the FM tape 
recorder on playback during A-D conversion of the data.
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Vehicle S p eed  Limitations using STDCC Technique: m =127
30
L—Band 
S -B an d
25
50003000  
Scaling Factor [k]
3500 4000 45002500200015001000
Figure 4.5.2-1. Vehicle Speed Limitations using the STDCC Technique
Vehicle S p eed  Limitations using STDCC Technique
L-Band: 
S -B a n d ...
C L
■ 5  3
900  1000 1100500 600 700
Code Length [bits]
800400300200100
Figure 4.5.2-2. Vehicle Speed Limitations using the STDCC Technique
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For the various environments, the following measurement strategy was adopted: 
Table 4.5.2-1
Environment No. of profilesfm No.of profilesfs Code Length
Urban 12 20 127
Suburban 12 20 127
Heavily wooded 12 20 127
Lightly wooded 12 20 127
Open 4 10 255
4.5.2.1 Maximum Vehicle Speed to Resolve Doppler Spread
The type of measurement campaign to be carried out, whether Narrowband or 
Wideband can determine which kind of helicopter is required. Normally with 
Narrowband measurements, the road vehicle if travelling in parallel to the helicopter 
can travel at a reasonable speed (i.e. <20 mph). However, with Wideband 
measurements which are made employing a STDCC sounder, in order to maintain 
stationarity in the measurements the speed of the road vehicle is determined by the 
sounding rate which in turn is dependent on the Scaling Factor, Code Length and 
Clock Rate [4-1].
The Doppler-shift experienced by a mobile receiver moving with velocity v is 
given by /d = (v /c /c)cos(a) (4.8)
Where, (a  ) is the angle from the direction of motion of the mobile and an observer or 
scatterer and (fc) is the carrier frequency, see Figure 4.5.2-3.
The maximum Doppler-shift (/in) experienced by a mobile receiver moving with
velocity v is given by :- / m = v/c /c  (4.9)
where, c is the velocity light.
H ow ever, the maximum Doppler-shift that can be measured using a STDCC is given 
by:- f m = H2MKT0 (4.10)
where, K  is the Scaling Factor, M  is the Code Length
t0 is the Clock Rate
From the above, v = c/2MK'Z0fc (4.11)
For K  = 4000, M =  127, tq = 100ns and / c = 1.55 GHz, the vehicle velocity would 
have to be less than 6.8 km/h.
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Scatterer
BA Direction of 
M otion
Fig. 4.S.2-3. Doppler Shift
The change in phase is: A(j) = -(27r/c AZ)/c (4.12)
= -(2tc f c fc)d cos(a) (4.13)
= -(2t c /c /c) vA/cos(a) (4.14)
Where the incremental path length change is AZ = d cos(a) (4.15)
and the incremental distance d = vAt, giving / d = -A(|) /2nAt = (v/c/c)cos(a) (4.16)
For the above reason, during the Measurement Campaign the vehicle velocity was 
maintained at around 6 km/h for most of the environmental categories covered. For 
the S-Band frequency (2.325 GHz) the vehicle was travelling too fast for the 
maximum Doppler to be resolved. To satisfy the spatial sampling theorem and 
ensure measurement of the full Doppler spectra it is required to measure as a 
minimum two impulses per RF carrier wavelength for constant vehicle speed. This 
condition was met for the L-band measurements, however, the above criteria fell short 
for the S-Band measurements. The effect on the evaluation of the S-Band 
measurements was that the full Doppler spectra could not be resolved, such that only 
echoes arriving at angles (a) that were greater than 40° and less than 140° were able to 
be resolved as illustrated in Fig. 4.5.2-4. However, this can be justified particularly in 
the case of 90° azimuth measurements, in that most of the scatterers are normally to 
either side of the vehicle and very few if any in front.
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Scatterer Resolution area
Direction of 
Motion
Scatterer Resolution area
Fig. 4.S.2-4. Doppler Shift Resolution Area for S-Band
4.6 Transmitter Design
The Dual Wideband Sounder has been designed to have switchable multirate m-sequence 
signal generators with code lengths of 127, 255, 511 and 1023 available in the transmitter 
and receiver. This feature was designed into the channel sounding system to allow for the 
variety of environmental categories to be covered during the measurement campaign and 
that may be required to be covered in the future. The required code sequence was set 
prior any measurements taken and fixed at that rate for all elevation angles in the 
environmental category being covered.
4.6.1 Baseband System
Referring to Fig. 4.6-1, all frequencies are derived from a 5 MHz highly stable frequency 
oscillator. The 5 MHz clock is doubled and shaped to give an even mark to space ratio to 
the required clock of 10 MHz. A switchable variable length m-sequence code generator 
with a chip rate of 10 Mb/s is used to directly Bi-phase Modulate the L-Band, (1550 
MHz) and S-Band, (2325 MHz) carrier frequencies.
4.6.2 RF System
The two carrier frequencies are each derived from oscillator circuits which are phase 
locked to the 5 MHz frequency standard. Direct modulation eliminates the need for an IF 
stage, simplifying the transmitter design, by reducing component count and in turn 
minimising phase noise. Each carrier is then mixed with the phase modulated m-sequence
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signal. The RF signals are amplified via individual 1 Watt linear amplifiers and radiated 
via two right hand circular polarised (RHCP) omni-directional antennas.
4.6.3 Tx - Antennas
During Phase I and H of the measurement campaign the helicopter signals were radiated 
via omni-directional Quadrifilar antennas, produced by the University of Surrey and 
mounted underneath the helicopter. Further more specific details of the antennas used 
during the measurement campaign are given in Section 4.13.
1550 MHz 
Phase Lock 
Loop
2325 MHz 
Phase Lock 
Loop
X
1540-1560 MHz
w
1 Watt 
Amplifier
5 MHz
X2 PRBS
BPSK
Frequency
Standard
Oscillator
Generator Driver
1 Watt 
Amplifier
2315-2335 MHz
V
Figure 4.6-1. Dual Wideband Sounder Transmitter Block Diagram.
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[TRANSMITTER
Figure 4.6-2. Dual W ideband Sounder Transm itter.
4.7 Receiver Design
The receiver design in the baseband section is similar to that of the transmitter. Other 
features have been incorporated into the design allowing for more flexibility. These 
features are detailed in later sections.
4.7.1 Rx - Antennas
The incoming signals are received via two hemi spherical low gain antennas (3-5 dBi). 
The front end of each receiver has a low noise amplifier, connected onto each antenna, a 
signal compensating attenuator connected prior to a mixer in the receiver. The signal 
compensating fixed attenuators aie there to ensure that the receiver chains are not 
saturated and will always be in the linear operating range of the receivers. Details of the L 
and S-Band antennas used during the measurement campaign are given in Section 4.13.
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4.7.2 RF to IF System
With reference to Fig.4.7-1, a simplified block diagram of the L and S Band receivers, 
again, all the frequencies are derived from a 5 MHz highly stable frequency oscillator. An 
identical m - sequence signal to that of the transmitter, but clocked at a slower rate 
(9.9975 MHz), giving a system scaling factor of 4000, is used to Bi-phase modulate the 
1460 MHz and 2235 MHz receive locally generated phase locked oscillators. These 
signals are used to down convert the RF to an IF of 90.00 MHz and in addition carry out 
the multiplicative part of the correlation process in one step.
This allows the bandwidth of the IF to be twice the difference of the clock frequency, 
rather than twice the clock frequency, avoiding the use of wideband amplifiers and 
splitters in the IF stage, thus simplifying the design by utilising narrowband components. 
Due to the frequency in the IF stage being common both the IF stage and base-band 
circuitry of the two receiver chains are identical.
4.7.3 Baseband System
The IF signals are split and demodulated to baseband by inphase and quadrature 
demodulators fed via two locally generated sinusoids respectively. The demodulated 
signals are amplified and lowpass filtered via switched capacitance filters. The outputs 
from which represent the inphase and quadrature components of the complex bandpass 
impulse response of the channel, which peak depending on the phase relationship of the 
received signal at times corresponding to the path delays.
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Figure 4.7-1. Dual W ideband Sounder Receiver Block D iagram .
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*-
#  m
Figure 4.7-2. Dual W ideband Sounder Receiver Front View.
Figure 4.7-2. Dual W ideband Sounder Receiver R ear View.
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4.8 Synchronisation Procedures
The frequency sources and code generators at the transmit and receive ends must be 
synchronised for the correct operation of the overall sounder. Frequency and Code 
synchronisation is achieved in a two stage operation, prior any measurements taken. This 
procedure must be repeated after every two-hour period, which is the specified maximum 
measurement duration.
Note: The Transmitter and Receiver Frequency Standard Oscillators ovens must have 
been powered for at least two hours, in order to stabilise, before the Synchronisation 
Procedure can take place, otherwise excessive frequency drift will occur.
4.8.1 Frequency Synchronisation
Referring to figure 4.8-1, the two 5 MHz frequency oscillators are connected together via 
a length of cable connected to the BNC sockets labelled SYNC and the PRBS/5MHz 
switch is set to 5 MHz on both Transmitter and Receiver. The two signals are mixed 
together in the receiver synchronisation circuitry. The two signals are frequency and 
phase synchronised by adjusting a lockable multi-turn potentiometer. When the two 
signals are in synchronism there is a null on the phase meter on the receiver front panel, 
which gives an approximate indication to synchronism. To fine tune the frequency 
synchronisation, an oscilloscope should be used to monitor the beating of any of the 
correlator outputs. Minor adjustments of the potentiometer are made to minimise the 
beating. When the beating has been minimised, the potentiometer is locked. At this point 
the PRBS/SMHz switch at the receiver is turned to PRBS, the now, in-phase signals are 
removed from the mixer.
4.8.2 Code Synchronisation
On turning the PRBS/5MHz switches to PRBS, the transmit and receive m -sequence 
generators are set to the all ones state (AIS), when the push button switch in the receiver 
labelled (SW2) is pushed in. When the receiver push button switch is released, the AIS is 
removed from the transmit and receive m - sequence signal generators simultaneously, 
via the two long cables, one to the transmit m - sequence generator and the other acting as 
an equalising delay line for both the receive m - sequence generators. The transmit and
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receive m - sequences then run at their respective clock rates independently, and the 
interconnection cable must be removed.
5  M H z
TX P R B S
PRBS Selection Switchx2
Tx Key 
Switch PRBSOutput
RX PRBS 1
Long
Cable 9.9976 MHz Clock
Rx Key 
Switch Al Zeros Anti-Latch Circuit
Reference 
Correlation 
Function <To Phase Meter
PRBS Selection Switch
9 .9 9 7 5  M H z 
S y n t h e r s l z e r
DELA Y5  M H z
sw2
R x  PRB S 2
Comparator PRBS
Output
1 0  M H z
AH Zeros Anti-Latch Circuit
Figure 4.8-1. Receiver PRBS Synchronisation Diagram,
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The channel impulse response is obtained by cross-correlating the two m-sequences 
which are running at different clock frequencies, therefore, synchronism between the two 
generators is meaningless. In order that the correlation functions do not appear anywhere 
in relation to the reference correlation marker pulse, all the m - sequence generators are 
held in the AIS state during the Code Synchronisation. This ensures that the reference 
correlation pulse and the correlation functions have a known time relationship and is only 
limited by the drift of the frequency standard oscillators, which was measured to be less 
than 100ns per hour.
4.8.3 Reference Correlation Function
The reference correlation function in the receiver provides three main functions in the 
field :
1) Provides a timing reference with respect to the measured data as shown by Figure 
4.8-2. This in turn allows for the total Propagation Delay to be measured.
2) Ensures that the Transmitter is sending the correct code sequence with respect to 
the receiver. There would be no received correlation functions on any of the I  and 
Q channels if the codes are different.
3) Aids triggering of the oscilloscope during the synchronisation procedure, and 
gives an indication of the propagation delay and hence the radial distance 
between the helicopter and measurement vehicle during the LOS measurements 
made at the beginning of and during each measurement run.
When analysing the data the reference correlation function also gives an indication as to 
where the line-of-sight echo would appear in a shadowed or (No Line-of Sight) NLOS 
situation. Therefore, data will not need to be discarded due to being shadowed, whereas 
other sounders tend to rely on the fact that the highest echo is the LOS signal and give 
false data, but this is not always the case, especially in shadowed conditions.
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Typical Excess Delay Profile
Code Repetition Length
Time
Propagation Delay
Figure 4.8-2. Receiver Reference Correlation Timing Diagram.
Summary of the main features of the Wideband Channel Sounder design :
* Dual Frequency Band Operation (L and S)
* Both I  and Q outputs available from each Channel
* Switchable Code lengths (127,255,511 and 1023)
* Incorporates a Reference Correlator allowing absolute time measurements
* 10MHz clock rate providing a minimum resolvable delay o f WOnS (30m)
* 30dB Dynamic Range
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4.9 Link Budget
The link budget for the majority of the measurement campaign is given in the 
following tables. Table 4.9-1 shows the link budget for a path distance of 600m, 
covering Elevation Angles above 45°. An additional attenuation of 2.5dB should be 
added for Elevation Angles below 45°, for a path distance of 800m, as shown by 
Table 4.9-2. The line-of-sight distance between the Helicopter and road vehicle was 
kept constant and hence the free space loss and propagation delay were maintained 
constant. The radial distance of the helicopter was monitored on an oscilloscope using 
the propagation delay and the reference correlation pulse as detailed above. The 
helicopter was also monitored visually during the measurement runs as detailed in 
Chapter 5. The receiver linearity as measured during the Acceptance Tests carried out 
as part of the ESA contract are shown in Figure 4.9-1. As can be seen both of the 
receivers are linear over a 30 dB dynamic range to within +/- IdB. Other 
measurements of linearity were taken using precision attenuators and the results were 
better than +/- 0.5 dB, therefore, no compensation was felt to be necessary.
Table 4.9-1
System Parameter L-Band S-Band
Tx Power 32.5 dBm 29.0 dBm
Tx Lead Loss -2.0 dB -2.5 dB
EIRP 30.5 dBm 26.5 dBm
Free Space Loss (600m) -92.0 dB -95.0 dB
Antenna Gain 6.0 dB 6.0 dB
Rx Lead Loss -2.0 dB -2.5 dB
Pre-attenuation -16.0 dB -6.0 dB
Receiver Input -73.5 dBm -71.0 dBm
Table 4.9-2
System Parameter L-Band S-Band
Tx Power 32.5 dBm 29.0 dBm
Tx Lead Loss -2.0 dB -2.5 dB
EIRP 30.5 dBm 26.5 dBm
Free Space Loss (800m) -94.5 dB 97.5 dB
Antenna Gain 6.0 dB 6.0 dB
Rx Lead Loss -2.0 dB -2.5 dB
Pre-attenuation -13.0 dB -3.0 dB
Receiver Input -73.0 dBm -70.5 dBm
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L & S-Band Receiver Linearity Test results
10
L-Band
S-Band
,o10
= L-Band Measured Data Points 
:= S-Band Measured Data Points
-105 -100
10 -60-65-80 -75 -70-85
Receiver Input Power [dBm]
-90-95
Fig. 4.9-1 Wideband Receiver Linearity Tests
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4.10 Clock Stability
The other main limitation of the STDCC type sounding technique is the stability of 
the reference oscillator. One way of defining a measurement period is being the time 
it takes the clocks to drift a single time resolution bin, (e.g. t0=  100ns) [4-1]. If the 
measurement period is to be in the order of 2 hours, then the frequency difference 
between the transmit and receive standard oscillators has to be around 1.38xl0"n 
(100ns/2 hours). The stability of the oscillators has to be good enough to maintain this 
difference over the 2 hour period. This is equivalent the received correlation pulse 
drifting apart from the reference correlation pulse and the total delay drift over a 2 
hour period being equal or less than half the base width.
During the acceptance tests it was repeatedly shown that following the 
synchronisation process with the sounder connected via suitable attenuation the drift 
between the reference correlation pulse and any of the other correlator outputs was 
less than 100ns in a 2 hour period. It was concluded that a 2 hour limit should be the 
duration of a measurement period. This duration also suited the pilot, as effectively 
hovering in a small helicopter for much longer would be too tiring.
4.11 Phase Noise
In order to minimise the effects of phase noise in the STDCC sounder, direct 
modulation of the baseband coded signal by a phase locked carrier was designed into 
the transmitters and similarly in each of the receivers as described above. The phase 
noise of the phase lock loops used in the transmitter and receiver were measured to be 
better than 30dBc/Hz. Further details of the Wideband Sounder Performance can be 
found in the Appendix and in References [4-17,4-18].
Table 4.11-1 Manufacturers Measured Phase Noise Figures
PLL Board 10Hz 100Hz IKHz lOKHz
PLL 158P-82-3 (Tx) -45 dBc/Hz -47 dBc/Hz -56 dBc/Hz -87 dBc/Hz
PLL 158P-88-2 (Tx) -60 dBc/Hz -50 dBc/Hz -55 dBc/Hz -72.5 dBc/Hz
PLL 158P-82-3 (Rx) -45 dBc/Hz -45 dBc/Hz -59 dBc/Hz -90 dBc/Hz
PLL 158P-88-2 (Rx) -60 dBc/Hz -57 dBc/Hz -55 dBc/Hz -74.8 dBc/Hz
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4.12 Satellite Transmission Simulation
In order to simulate a satellite transmission, the particular measurement geometry 
adopted must be representative. To achieve this the relationship between a satellite to 
mobile and helicopter to mobile must be accounted for by the relative geometry as 
shown by Fig. 4.12-1. With reference to Fig.4.12-1, the additional echo path distance 
(D+Ôd) for the satellite scenario is negligible. Whereas, for the helicopter scenario the 
additional echo path distance (R+8d) can be significant. The additional echo path 
distance translates to an additional loss which can be compensated for by increasing 
the echo power by the additional loss, determined by its excess delay (At). Fig. 4.12- 
2, shows a graph of the additional loss incurred by an echo as a function of echo path 
distance for helicopter radial distances of 600 m and 800 m at a frequency (1550 
MHz) respectively, similar curves can be drawn for the S-Band frequency. The 
radial distances for helicopter being those used during the measurement campaign, 
which were confirmed by the absolute propagation delay measured between the 
helicopter and mobile measurement vehicle determined via the reference correlation 
function and the incoming received cross-correlated signal.
Fig. 4.12-1 Satellite and Helicopter Geometry
= 0 =
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The Additional Loss (M ) is given by the equation :
M  = A(R+5d) - A(R) (4.12.1)
Where, A is the free-space loss R is the path distance
8d is the additional echo path distance
As most of the echoes arrived with excess delays less than 600 ns the additional loss 
for most of the echoes was less than 2.5dB.
Attenuation increase for Helicopter Echoes
Helicopter Radius -  600m
% 10
Radius -  800mHelicopter
co
Q.
Li-
Excess Delay [us]
Fig. 4.12-2 Attenuation increase of Helicopter Echoes
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4.13 Measurement Antennas
The antennas used during the Measurement Campaign were:-
Phase I, the helicopter signals were radiated via two Right Hand Circularly Polarised 
(RHCP), omni-directional Quadrifilar antennas, produced by the University of Surrey 
and mounted underneath the helicopter. However, for the first set of measurements taken 
in the Open/Highway category at high elevations (60°, 70°, 80°) RHCP Helical antennas 
with gains of 8dBi were used.
The original Helicopter antenna mounting arrangement for the low elevation angle 
measurements had to be abandoned, due to the unpredictability of the helicopter 
orientation to the measurement vehicle. Consequently, Omni-directional Quadrifilar 
antennas were designed and produced at the University of Surrey. These were mounted 
underneath the helicopter during the campaign. The receive antennas were two RHCP 
hemi-spherical low gain antennas (3-5 dBi) mounted on the roof of the measurement 
vehicle and were supplied by ESA.
Phase II, the helicopter signals were radiated via Left Hand Circularly Polarised (LHCP), 
Omni-directional antennas mounted underneath the helicopter. The receive antennas were 
two LHCP Omni-directional Bifilar Helical antennas and mounted on a pole at head 
height approximately 1.8 m above ground level, loaned by Alcatel Espace.
However, for practical reasons, due to the mounting arrangements, the S-Band antenna 
supplied by ESA was mounted on the pole and LHCP omni-directional Bifilar Helical 
antenna was mounted underneath the helicopter during the Phase H measurements.
Further details of the Antennas used during Phase I and II of the Measurement Campaign 
can be found in the Appendices and the operating instructions of the Sounder can be 
found in the references [4-13] and [4-14].
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4.14 Dual Wideband Sounder Performance
On Completion, the Dual Wideband Sounder was acceptance tested by staff from 
ESA. Some typical results from the tests are presented here to illustrate the Sounder 
performance. In the field, the first dual frequency band Wideband Channel Sounder to 
be designed and built at the University of Surrey performed extremely well and 
consistently during the duration of the measurement campaign. The Dual Wideband 
Channel Sounder was successfully demonstrated and handed over at the contractual 
Final Presentation held on 26th June 1996 at ESA - ESTEC in Noordwijk.
Figure 4.14-1, shows the output correlation functions for the four code sequences 
available. As can be seen there is very little difference between them. The spectrum 
from each of the transmitters is shown by Fig. 4.14-2 and 4.14-3.
The frequency spikes at the nulls of the transmitted spectrum of Fig. 4.14-2 also show 
in Fig. 2-4 and more clearly in Fig. 2-5 the Time-Variant Transfer Function of 
Chapter 2. These spikes are possibly caused by the clock frequency breaking through 
due to the minimal filtering in the transmitter circuitry. The roll off of the spectrum is 
also identified by the slope in Time-Variant Transfer Function figures.
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4.15 Dual Wideband Sounder Design Summary
The Dual Wideband Channel Sounder employs a pulse compression technique, termed as 
the swept time delay cross-correlation (STDCC), or sliding correlator method. Where, 
the received signal is correlated with an identical m-sequence to that of the transmitter, 
but clocked at a slower rate. Bandwidth compression or time scaling is inherent with 
this process, the scaling factor being determined by difference between the transmitter 
and receiver clock rates. The Sounder was designed with a fixed scaling factor of 4000 
and a clock rate of 10 MHz.
In order to make the Sounder more flexible, it was designed to have a switchable 
multirate m-sequence signal generator with code lengths of 127, 255, 511 and 1023 
available in both transmitters and receivers. This was due to the variety of environmental 
categories that were covered during the measurement campaign. The required code 
sequence was set prior any measurements taken and fixed at that rate for all elevation 
angles covered in the environmental category concerned. With a clock rate of 10 MHz 
and the code sequences lengths as above, this will provide for unambiguous delay ranges 
from 12.7 ps to 102.3 |is (corresponding to 3.8 Km to 30.7 Km) depending on the code 
selected. The minimum resolvable delay being in the order of 0.1 |is (30 m) which is 
dependent on the clock rate.
4.15-lDual Wideband Channel Sounder Specification
System Parameter L-Band S-Band
CW Freq. 1550 MHz 2325 MHz
Freq Band 1540-1560 MHz 2315-2335 MHz
Tx Power 32.5 dBm 29.0 dBm
Rx Input (Max.) -73 dBm -70 dBm
Rx Input (Min) -105 dBm -100 dBm
Dynamic Range 30 dB 30 dB
Clock Rate 10MHz 10MHz
Scaling Factor 4000 4000
Switchable Code Lengths 127,255,511 and 1023 127,255,511 and 1023
DC Power Requirements Transmitters Receivers
Voltage +12 Volts +12 Volts
Current 3 Amps 1.2 Amps
Dimensions h,w,d (mm) 115,260,355 115,260,330
Weight (Kg) 5.36 4.43
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5.0 WIDEBAND PROPAGATION MEASUREMENT 
CAMPAIGN
The aim of this Chapter is to discuss the various factors involved in the planning of 
the Measurement Campaign, particularly, how and where it was carried out. The 
environments that were considered are described and through a number of 
photographic illustrations. These are presented to give a pictorial appreciation of the 
environments, both from the ground level and the air, the location of potential 
scatterers. The latter sections are devoted to the analysis of the measurement errors 
with respect to Elevation Angle and what was actually achieved. Finally, an overview 
of the measurement system is discussed and presented pictorially by a few 
photographic illustrations.
In order to successfully carry out the wideband propagation measurement campaign, it 
is important to take account, as far as practically possible, of all the factors affecting 
such field trials. The overall planning may in general be divided into two parts:
1. Issues affecting data collection, and strategies to handle them in the field
2. Issues related to off-line interpretation o f the channel data; processing & 
analysis
The two stages mentioned above must be considered in the proper perspective to 
achieve the objective of such a campaign. In the following sections, issues and 
strategies as classified above in (1) will be addressed here. The issues in (2) are 
addressed in Chapter 6, Results and Analysis.
5.0.1 Experiment Configuration and Planning
For all channel measurement campaigns it is important to analyse the envisaged 
configuration of the experiment. This should not only reflect the general adopted 
approach but should also indicate whether the desired features are being incorporated. 
In the land mobile satellite links, environment is an important consideration. One of 
the objectives of this study is to characterise the wideband channel in various 
operating environments, so that system designers may design/refine their sub-systems 
in order to provide a reliable service.
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The angle of elevation between a mobile and satellite is also considered to be an 
important parameter affecting link performance, certainly as far as attenuation of the 
signal is concerned, it has been shown to be very significant as detailed in Chapter 2. 
Therefore it is sensible that channel data is collected over representative routes and at 
various elevation angles. Together with these factors there are other trade-offs which 
must be considered to properly plan a measurement campaign. Some of the trade-offs 
are equipment, and are hence measurement technique related. After each aspect 
having been carefully considered, specific recommendations can be made for the 
channel measurement system.
The routes for each environmental category to be measured were identified and 
adopted as representative for the experiment. An attempt was made to choose 
substantially straight sections for the measurements to facilitate maximum relative 
positional accuracy. It should be kept in mind that even today it is difficult to find a 
universally accepted definition to strictly classify various real-life situations into 
environmental categories. Adding to the problem is the fact that suitable route 
sections where measurements can be made practically are extremely difficult to 
identify, especially for a wideband campaign where variables such as the speed of the 
road vehicle (6 Km/h for this campaign) was a limiting factor.
The two main issues that need to be resolved at an early stage in the planning of the 
measurement campaign, having established that there were no suitable satellites that 
could be used are:
1) Which type o f alternative platform to be used.
2) The Flight Path Strategy to be adopted.
The decision as to the alternative platform was made easier by the vehicle speed being 
low, due to the sounding technique adopted, this ruled out the use of an aeroplane. 
The lack of control due to wind direction, as well as the cost, eliminated the use of a 
balloon. A tethered balloon limits the elevation angle range and environmental 
categories and is really only practical for static or limited mobile measurements. The 
only real choice was the use of a helicopter to act as the alternative platform.
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5.1 Helicopter Measurements
There are a number of variables to be considered when planning and making 
measurements which involve the use of a helicopter. There were two helicopters used 
during the campaign, a Robinson R22, a light training 2-seater helicopter and a Bell 
Jetranger, a larger more general purpose 4-seater helicopter. The following highlights 
the considerations as to choice. Table 5.1-1 gives a summary governing the choice of 
helicopter depending on the factors discussed below.
* Type of Measurement Campaign
* Weather Dependency
* Flight Restrictions
* Visibility of Measurement Vehicle
5.1.1 Weather Dependency
The low speed restriction causes severe problems in calm weather for a light 
helicopter like the Robinson, which must have a little wind to assist the helicopter to 
hover as at these low speeds it is effectively hovering all the time. The problem with 
little or no wind can be overcome by using a larger and more powerful helicopter, 
such as a Bell Jet Ranger. The apparent disadvantage is that this type of helicopter 
will normally cost at least twice as much to hire. However, it has been demonstrated 
that twice the number of measurements can be made in a measurement day with this 
type of helicopter. This is due to the more powerful helicopter being able to carry 
more fuel to remain airborne longer, also equipment and passenger weight loading is 
not a critical factor as it is when using a lighter helicopter like the Robinson. 
Therefore, there is no cost penalty. It can also operate in calm weather conditions, 
whereas, the lighter Robinson type of helicopter can not.
5.1.2 The Wind Direction
This is an important factor, because helicopters prefer to fly/hover into the wind. This 
point has implications on the direction of travel of the road vehicle and the 
surrounding environment in which is being measured, that is the direction of travel 
must be flexible (i.e. ability to travel on either side of the road). This is not necessarily
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easy to satisfy as the environment may differ when approached from one direction as 
against the other. Also, for consistency in measurements over a range of elevation 
angles, the wind direction must remain constant.
5.1.3 Flight Restrictions
All commercial helicopter companies have to comply with the flight restrictions as 
stipulated by the Civil Aviation Authority (CAA). The main rules which affect 
propagation measurements in the UK are the flight corridors when flying over built up 
areas. The lower limit is 1500ft above sea level (asl) and the upper limit is 2400ft asl. 
This upper limit applies to all single engined helicopters, above this limit the air space 
is reserved for fixed wing aircraft. These restrictions can cause problems when trying 
to cover a wide range of elevation angles in a particular measurement campaign. In 
the main, for the lower elevation angle measurements, when choosing a flight path in 
built up areas, it is better and safer if the helicopter flies over a field, with the road 
vehicle travelling in the built up area. For the higher elevation angle measurements, 
the above flight restrictions must be born in mind.
5.1.4 Visibility of Measurement Vehicle
Visibility is an important consideration: it is preferable, if the pilot or at least the 
communications/passenger is able to see the road vehicle at all times during the 
measurement period or at least initially and at all elevation angles being covered. This 
is not always possible, unless the helicopter has a transparent front floor area, since at 
elevation angles above 60° the road vehicle will be obscured from view. When the 
road vehicle is obscured due to the helicopter frame, measurements can still be made 
at high elevation angles, however, a lot of time may be taken up with positioning the 
helicopter, at least initially and during the measurement runs if the helicopter goes off 
course.
Finally, other hazards and restrictions to be born in mind when planning the routes in 
the environments that are to be measured.
1) Airport flight paths and corridors.
2) Height restrictions due to terrain or urbanisation.
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3) MoD flying areas.
4) In populated areas minimise the period of measurement time, as residents may
complain about the noise caused by the helicopter hovering and being 
apparently low.
5) The antennas fitted to the helicopter must comply to CAA regulations and
must be omni-directional, unless a steering mechanism is fitted, as the 
direction of the wind is uncertain and may change slightly during a 
measurement run causing the helicopter to skew slightly. This is shown 
diagramatically in Figure 5.4-2, illustrating the typical flight strategy adopted.
6) It should be noted that a pilot will not fly a helicopter through or into clouds,
he will fly under or over low cloud cover. This restriction is not normally a 
problem, because if there is any low cloud cover, it is unlikely the helicopter 
will fly that day, so no measurements will be made, only a delay in the 
Measurement Campaign.
Table 5.1-1 Summary of Variables determining the Choice of Helicopter for 
use in a Propagation Measurement Campaign
Variable Helicopter
Type
Helicopter
Type
Measurement Campaign Robinson R22 Bell Jetranger
Narrowband with Vehicle Speed > 20 mph OK OK
Wideband with Vehicle Speed <10 mph no OK
Equipment and Passenger Loading Critical Not Critical
Wind Speed >12 Knots From 0 Knots 
upwards
Hire Cost £N s  £ 2x N
No. of Measurements in a Measurement 
Day
M = 2x M
Equipment layout for Sounder Tx, GPS 
Rx Laptop PC and 12v 24 Ah Battery
Cramped
normally
under
passenger seat
Much more 
space on rear 
passenger seat 
or foot well
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5.2 Flight Strategies
There are three main type of flight path strategies that have been adopted for 
propagation measurement campaigns which use aircraft to simulate the satellite [5- 
1,5-2,5-3,5-4,5-5]. They are :
* Circular Flight Paths
* Patterned Flight Paths
* Parallel Flight Paths
The advantages and disadvantages of the above flight path strategies are discussed in 
the following sections.
5.2.1 Circular Flight Paths
Where the aircraft flies in a circular path around a stationary or mobile measurement
vehicle. The main disadvantages of this method are :
i) That it involves a large amount of data processing to take account of the 
aircraft movement, (banking, pitch and roll) with respect to the antenna 
pattern.
ii) The measurement statistics become more periodic at high elevation angles and 
are therefore not random as the aircraft flies in a small circle.
iii) There is no control over the aircraft speed, which should be recorded, this may 
be difficult to do directly, due to technical as well as other safety reasons. 
However, the flight can be monitored with the use of differential GPS 
equipment, which involves further cost and additional processing.
iv) There are difficulties in flying the aircraft such that the measurement vehicle is 
in the centre of the flight circle, further data processing has to account for this.
v) Not representative of satellite flight paths especially at high elevation angles.
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5.2.2 Patterned Flight Paths
Where the aircraft flies in a predetermined flight pattern covering a number of 
elevation angles over a stationary or mobile measurement vehicle. The main 
disadvantages of this method are :
i) The method can be wasteful with respect to the amount of useful data collected 
to that discarded.
ii) The data is collected over a range of elevation angles (say 20° - 30°, 40° - 50°) 
rather than specific angles.
iii) There is no control over the aircraft speed, which should be recorded, this may 
be difficult to do directly, due to technical as well as other safety reasons. 
However, the flight can be monitored with the use of differential GPS 
equipment, which involves further cost and additional processing.
The main advantage of this method is that it does simulate typical satellite orbital 
passes.
5.2.3 Parallel Flight Paths
Where the aircraft (a helicopter) flies in a parallel path to the mobile measurement 
vehicle at the respective elevation angle. The main advantages of this method are :
i) There is control over the specific elevation angle to be covered and it can be 
measured and recorded.
ii) There is control over the speed of the land measurement vehicle, (which is 
measured via a fifth wheel on the mobile vehicle) and subsequently the speed 
of the helicopter.
iii) The method simulates most of the satellite orbital constellations to a 
reasonable extent.
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The main disadvantages of this method are:
i) Limited Azimuth data is acquired, due to the geometry of the flight strategy, or 
additional measurements have to be made (i.e. both sides of the road).
ii) That both the transmitter and receiver are mobile. This has to be taken into 
account when considering the power supply requirements of the sounder and 
data recording equipment, i.e. battery operated or use of a dc-ac inverter to 
provide a 240v ac supply.
All of these flight strategies have been used in mobile satellite propagation 
measurement campaigns. From a measurement point of view, depending on what is 
required from the particular measurement campaign the choice of flight path can 
determine the best method to adopt.
Parallel Paths - Characterises the Elevation angle well but gives no Azimuth 
angle
Circular Paths - Provides average over all Azimuth angles at set Elevation 
angles
Patterned Paths - Normally, the receiver is static and the path taken by the aircraft
simulates the movement of the satellite
The parallel flight path was the strategy adopted during the first phase of 
measurement campaign for the reasons given above and because during these 
measurements the main object was to characterise the wideband channel in particular 
environments over a range of specific elevation angles, not necessarily trying to best 
simulate any satellite system orbit. A Patterned flight path was adopted during the 
second phase of measurement campaign, to simulate a typical LEO/MEO satellite 
system.
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5.3 Measurement Methods
The frequencies allocated by the Radiocommunications Agency were as close as 
possible to the bands that have been allocated for mobile satellite communications, as 
shown by the Band Plan in Chapter 1, given that the bandwidth for the channel 
sounder was 20 MHz. Simultaneous measurements were carried out during the 
Summer months of 1995 at L-Band (1540-1560 MHz) and S-Band (2315-2335 MHz). 
The transmissions were radiated from a helicopter acting as an alternative platform 
simulating a satellite, as reasoned above. Two different types of helicopter were used 
during the campaign, a Robinson R22 and a Bell Jetranger. In the light of experience 
during the campaign, the choice as to which type of helicopter to use is as detailed 
above in Section 5.1.
5.4 Experimental Procedure
Before any measurements could be taken the Wideband Channel Sounder has to be 
synchronised. In order to speed up this process, the frequency standard oscillators had 
to have had sufficient time to warm up and stabilise. This was achieved by switching 
the power on to the sounder early in the morning prior to the measurement day via a 
standard domestic timer unit. With the Sounder warmed up and stable, the transmitter 
and receiver were brought together and synchronised following the procedure detailed 
above in Chapter 4. This allows for the propagation delay between the transmitter and 
the receiver to be determined using the reference correlator and any of the incoming 
correlated signals.
At the start of each measurement run, a clear line-of-sight point was chosen to 
measure the relative position between the helicopter and the mobile. The desired 
geometry was fixed using visual tracking at the mobile and the measured propagation 
delay between the received correlation function and the reference correlation function, 
whilst stationary. This was 2|iS (600m) for most of the measurement runs and 2.7|iS 
(800m) for the low elevation angles as required. Uni-directional voice 
communications from ground to air were maintained with the passenger in the 
helicopter via a CB radio. Various instructions were continually broadcasted during 
the measurements, for the initial position adjustment and any subsequent residual
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errors in the relative geometry between helicopter and road vehicle during each 
measurement run. The helicopter position was continually being observed and 
recorded using a video camera aimed at the helicopter and a TV monitor in the 
measurement vehicle. The video camera was set to the appropriate elevation angle 
before each measurement run via a purpose built platform with a calibrated elevation 
angle adjustment mechanism. Additionally, the front view was recorded using a 
second video camera situated in front of the passenger seat. This gave an appreciation 
of the potential scatterers ahead. The azimuth bearing of the helicopter with respect to 
the mobile was kept constant i.e., at right angles to the vehicle heading, as reasonably 
possible. The flight path of the helicopter for each particular environment remained 
the same for all elevation angles. A route plan of the Suburban environment showing 
the road the measurement vehicle travelled and the ground track path of the helicopter 
is shown by Fig. 5.4-1. This type of plan helped the pilot to maintain his position 
with respect to the measurement vehicle and was provided for each environment that 
was covered. A typical measurement geometry during the campaign is shown in Fig. 
5.4-2.
The helicopter during this campaign flew on the most open side of the buildings with 
respect to the vehicle in order to maintain the strategy to receive maximum multipath 
and minimum shadowing of LOS signal, as shown by Fig 5.4-3a. This is because it is 
the multipath characteristic of the signal that is of interest and not the fading 
characteristic as implied by Fig.5.4-3b. The flight path of the helicopter for each 
particular section remained the same for all elevation angles. The above was 
maintained for most of the measurements in the Urban category. However, at the 
lower elevations the direct path signal was shadowed by the buildings in the Suburban 
environment and for some of the measurements in the Urban category.
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MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Fig.5.4-1 Helicopter Ground Track in Suburban Environm ent
107
Chapter 5. Wideband Propasation Measurement Campaign
5.4.1 Phase I. Mobile Vehicle Measurements
During Phase I of the measurement campaign, the helicopter flew in a parallel flight 
path, orthogonal to the measurement vehicle track, at altitudes from 1500ft (450m) to 
2400ft (730m) above sea level, maintaining a constant radial path distance of 600m 
for elevation angles covered in the range of 45o-80° and 800m for 15°-300 elevation. 
This flexibility allowed the measurements to maximise the available receiver dynamic 
range (30dB) over all elevation angles. The road vehicle travelled along each route 
section at a constant speed of 6 Km/h and a code length of 127 bits was used for most 
of the environmental categories except the Open/Highway, where a speed of 9 Km/h 
and a code length of 255 bits was used. This gave a Channel Sounding Rate of 20 and 
10 Hz respectively. The environments covered during the measurements were; Urban, 
Suburban, Open/Highway, Heavily and Lightly Wooded. The length of individual 
sections within each environmental category varied, primarily according to the speed 
considerations adopted for that category. However, the minimum total measured data 
in any particular environment was at least 1km providing a good statistical confidence 
in the measured channel response. Omni-directional antennas were used on the 
Helicopter and measurement vehicle.
Fig.5.4-2 Parallel Flight Path Strategy
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A.
B.
Fig.5.4-3 Measurement Geometry
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5.4.2 Phase II. Static Hand-Held Urban Measurements
During Phase II of the measurement campaign the helicopter flew at a constant 
altitude of 2400ft (730m), above sea level, over two sites in the Urban environment 
and travelled at a ground speed of approximately 12 Km/h. The Channel Sounding 
and data logging equipment were mounted on a trolley adjacent to the pole mounted 
receive antennas, which were static during the measurements. The flight path strategy 
adopted was a hash (#) type pattern when viewed from above, as shown by Fig.5.4-4. 
This flight pattern simulated typical LEO/MEO satellite systems near to and over­
head passes and covered a wide range of elevation angles (30° to 90°) in the Urban 
environment. Each Run was 2 km in length with the central section being a 700m 
square. A total of five passes (Runs) were measured for each site. This allowed data 
to be measured over 360° in azimuth and cover elevation angles from 30° to 90° for 
the over-head pass and 30° to 60° for the other near over-head passes as shown by Fig. 
5.4-5. The measurements at the receiver were carried out statically using hand-held 
type antennas mounted on a pole. The Elevation Angle was estimated from the 
helicopter height and the absolute delay from the data. Part of the actual passes are 
shown in Figure 5.4-6. These measurements also gave the additional azimuth 
variation of the wideband parameters, which the Phase I measurement lacked, due to 
the methodology.
North
Run 3
Run 4
r.
.
Run 1
Run 2 v
Run 5
700m
Fig.5.4-4 Hash Flight Path Pattern
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Overhead and Near Overhead P asses vs. Elevation Angle
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Fig.5.4-5 Elevation Angle vs. Time
Elevation Angle vs Time for Runs 1 to 5
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Fig.5.4-6 Elevation Angle vs. Time for Runs 1 to 5
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5.5 Environmental Categories and Routes
The channel measurements were carried out in the following environments covering 
the elevation angles shown in the following table. For each of the following 
environmental categories a description is given with typical ground level and airborne 
views along with an Ordnance Survey map of the area.
Table 5.5-1
Environments Urban, Suburban, Open/Highway, Heavily and Lightly 
wooded
Elevation Angles 15°, 30°, 45°, 60°, 70°, 80°
5.5.1 Classification of Environmental Categories
In order to classify the environmental areas covered during the measurement 
campaign, the equivalent British Telecom environmental category classification 
system, as used for their cellular network, was adopted. The areas covered during the 
measurement campaign and the equivalent classification number are shown below in 
Table 5.5.1-1, along with a summary of British Telecom’s classification system.
Table 5.5.1-1. Classification of Environmental Areas Covered and Summary of 
British Telecom Cellular Network Environmental Classification System.
Category No. Environmental Description
1 Rivers, Lakes and Seas.
Open 2 Open Rural areas Fields, Heatherland, few trees.
Lightly Wooded 3 Rural areas, as above with some wooded Parkland.
Heavily Wooded 4 Wooded or Forested areas.
Suburban 5 Suburban areas with low density 1-2 storey dwellings, 
industrial estates.
6 Suburban areas with higher density 2-3 storey 
dwellings.
7 Urban areas with buildings up to 4 storeys and space 
between.
Urban 8 Urban areas with higher density buildings some more 
than 4 storeys.
9 Dense Urban areas, City centres, buildings more than 4 
storeys, skyscrapers.
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5.5.2 Urban Category
The University Campus at Surrey was chosen as the Urban category, which has 
buildings closely spaced and of 2 to 9 storeys. The buildings are nominally of brick or 
concrete construction, with typical office and shop type fronting windows, which 
simulates a higher degree of urbanisation such as that found in a city centre/office 
/shopping precinct. The street width varies from 10 to approximately 15 meters from 
wall to wall. The Urban environment is shown by the following figures. The Sites 
chosen for the Phase II measurements in the Urban category are also shown.
Fig. 5.5.2-1 Typical Airborne View of the Urban Environment
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Fig. 5.S.2-2 Typical G round Level View of Site 1. Urban Environm ent
Fig. 5.5.2-3 Typical Airborne View of Site 1. Urban Environment
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Fig. 5.S.2-4 Typical Ground Level View of Site 2. Urban Environm ent
Fig. 5.5.2-S Typical Airborne View of Site 2. Urban Environment
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Fig. 5.5.2 6 Map of the Urban Area
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5.5.3 Suburban Category
A straight section through a typical suburban housing estate in Famcombe was chosen 
for the suburban category. The dwelling houses are typically of 2 storeys and spaced 
apart in a reasonably uniform fashion. The distance of the trees and buildings along 
some sections of the route varied from the roadside edge of only a few meters to some 
tens of meters, on average between 10-15 meters. The Suburban environment is 
shown by the following figures.
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Fig. 5.5.3-1 Ordnance Survey Map of the Suburban Area
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Fig. 5.S.3-2 Typical G round Level View of the Suburban Environm ent
Fig. 5.S.3-3 Typical Airborne View of the Suburban Environment
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5.5.4 Open/Highway Category
A new stretch of dual carriageway, which by-passes the village of Runfold on the 
A31, was identified for the Open/Highway category. It has two lanes on each side, 
similar to a typical open motorway in the UK. Thinly populated trees of mixed 
heights and types, high sloping banks edging the roadside, along with utility poles and 
power transmission structures lining some sections of the route, as well as an 
overhead pass across the road were the main influence upon signal propagation. Thé 
Open/Highway environment is shown by the following figures.
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Fig. 5.5.4-1 Ordnance Survey Map of the Open/Highway Area
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R unfold
Fig. 5.S.4-2 Typical G round Level View of the Open/Highway Environm ent
Fig. 5.5 4-3 Typical Airborne View of the Open/Highway Environment
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5.5.5 Wooded Categories
The wooded category was divided into two types, Heavily Wooded and Lightly 
Wooded. The wooded route considered has areas with tree densities which cover both 
these categories and encompass a wide variety of tree types. In order to avoid a 
tunnelling effect scenario, which was felt to be unrepresentative, a couple of small
sections for the heavily wooded category were identified. A stretch of dual
/
carriageway on the ridge of a hill, (A31 Guildford to Farnham) was identified and 
used for the lightly wooded category. The route has a variety of trees, ranging in 
height from 4 to 10 meters on both sides and in the central reservation between the 
two carriageways. The Lightly and Heavily Wooded environments are shown by the 
following figures.
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Fig. 5.5.5-1 Ordnance Survey Map of the Lightly Wooded Area
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Fig. 5.5.S-2 Typical Ground Level View of the Lightly Wooded Environm ent
Fig. 5.5.S-3 Typical Airborne View of the Lightly Wooded Environment
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Fig. 5.5.5-S Typical Ground Level View of the Heavily Wooded Environm ent
Fig. 5.5.5 6 Typical Airborne View of the Heavily Wooded Environment
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5.6 Error Sources in the Wideband Measurements
Before the actual measurements are made it reasonable to identify sources that may 
introduce errors into the measured channel information. Errors can be divided into 
two categories:
• Errors due to hardware involved
• Errors due to the measurement method.
It is important to be aware of sources of errors so that uncertainty in the measurement 
results can either be eliminated or quantified.
5.6.1 Hardware Errors
There will be some errors in the measured channel information due to various 
hardware sub-systems. At the top level, these errors are as follows:
1. Measurement errors due transmitter output power stability with respect to 
the duration of operation as well as operating temperature fluctuations.
2. Errors due to receiver system noise which includes amplitude and phase 
noise.
3. Errors introduced due to imperfect code synchronisation at the transmitter 
and receiver.
4. Errors due to signal recording and digitisation.
All such errors will be present with varying degree of influence on the measurements, 
and basically relate to the quality of equipment used. Errors mentioned in 1 & 2 are 
there due to the quality of various sub-systems and circuit elements which make up 
the wideband sounder. These errors can be measured and accounted for at the pre­
processing and analysis stage, but not eliminated. Errors in 3 & 4, apart from the 
quality considerations, are also related to an extent with the measurement logistics and 
safeguards ensuring minimum possible data corruption due to them. Whilst their 
effect should be minimal, lack of understanding of their existence can completely 
destroy proper interpretation of the channel measurements.
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5.6.2 Errors due to Measurement Method
Some errors are introduced into the measurements owing to the measurement method 
adopted. This is a very general statement because in the context of channel 
measurements it involves a number of factors. These errors essentially come from the 
deviations from the ideal measurement geometry due to non-ideal conditions in the 
field. For the proposed campaign the chosen alternative platform to carry the 
transmitter was a 'helicopter'. Such a choice is known to reduce many operational 
difficulties during the channel measurements due to better mechanical control over the 
movements, even then it is important to appreciate the sources of measurement errors. 
The major problem is to maintain the relative and desired geometry during the 
measurement runs. At the analysis stage although many problems can be identified to 
be present due imperfect positioning, it is usually too late to rectify them rendering 
much of the acquired data non-representative. The problems with making 
measurements using a helicopter have been discussed earlier.
Errors in the measured channel information due to positioning is believed to be one of 
the main sources of error, if an overall view is taken. Given that all the hardware 
errors are kept within the specified limits of the equipment used, these are quantifiable 
as discussed. However, there is always an element of uncertainty in the quantification 
of errors due to positioning inaccuracies, and also a question mark on the reliability of 
measurement strategies available. For the proposed campaign it was intended to adopt 
procedures to identify positioning inaccuracy in the 'real time' in the field as well as 
navigation records for help in the off-line analysis. Audio/visual aids discussed 
previously were used in the field for real time position adjustments and GPS receivers 
were used to log helicopter and mobile positions. It was the accuracy of GPS 
equipment which was in question, and for which some trials were carried out to better 
understand the operational constraints of the GPS equipment.
It was the intended aim to achieve an accuracy within an error window, of ±  2.5 
degrees during the measurement campaign. An analysis on the required position 
accuracy, in terms of variations in the relative distances, was performed to determine 
the limits. The results are shown in Table 5.6.2-1 with the difference in free space loss 
corresponding to the variations in the relative positioning errors. The analysis 
illustrated in Fig. 5.6.2-1.
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Table 5.6.2-1. Elevation Angle Error Analysis
! Table of Maximum Estim ated Errors I
1! i
Elevation Angle (Deg) (x) 15 30 45 60 70 80
Helicopter Height (m) (h) 207.06 400 424.26 519.62 563.82 590.88
Horizontal D istance (L) 772.74 692.82 424.26 300 205.21 104.19
Path Length (m) (a) 800 800 600 600 600 600
Tolerence in Relative (d) 116.05 64.95 35.5 29.51 27.44 26.4
Lateral D istance (m) (e) 161.23 75.57 38.74 31.03 28.33 26.81
Tolerence in Relative (f) 36.59 41.38 38.74 56.68 87.03 200.51
Altitude (m) (g) 35.74 39.34 35.5 48.71 68.39 120.92
Tolerence in Relative (b) 524.56 332.31 185.4 139.93 111.49 79.4
Horizontal Dist. (m) (-b) -524.56 -332.31 -185.4 -139.93 -111.49 -79.4
Path Loss L-Band dB -94.31 -94.31 -91.81 -91.81 -91.81 -91.81
Path L oss S-Band dB -97.83 -97.83 -95.33 -95.33 -95.33 -95.33
W orse C ase additional U Free Space Loss i
Due to  Position L-Band (dB) 1.63 0.89 0.76 0.89 1.23 2.52
Due to  Position S-Band (dB) 1.63 0.89 0.76 0.89 1.23 2.52
|
Propagation Delay (us) 2.67 2.67 2 2 2 2
E le v a tio n  A n g le  Errors
b
x
X - 2 . 5 h =  a.sin(x)
L =  a .c o s (x )
o
a  8c x a r e  fix e d  c  — h /s in (x-2 .5)
b  =  s q rt(c2 - a 2)
d  =  (O.OOS(X)) - (h /tan(X +2.5)) I I 50% Error Position Window
e  =  (h /tan(x-2.5)) - (a .cos(x))
f =  d .ta n (x + 2 .5 )
g  =  e .ta n (x -2 .5 )
e
X - 2 . 5 °  \
Fig. 5.6.2-1. Elevation Angle Error Analysis
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From the analysis table above, it is clear that deviations in the horizontal direction (+/- 
b) can be quite large before the 2.5° limit is exceeded. That is the deviation of the 
helicopter being purely at right angles to the measurement vehicle can be +/- 79m at 
80° to +/- 524m at 15°. This implies that provided that the helicopter could be seen on 
the TV monitor this degree of freedom would not be exceeded. The more critical 
degrees of freedom were the altitude (f,g) and the lateral movement (d,e), of the 
helicopter towards and away from the measurement vehicle. These have more impact 
on the elevation angle. As shown in 1 Table 5.6.2-1, the altitude is more critical for the 
lower elevation angles, such that at 15° the altitude tolerance is +/- 36m, this being 
close to the tolerance of the altimeter +/- 15m when set to the correct ground pressure. 
For the trials, the accuracy of the altimeter varied typically between +/- 18m and +/- 
30m. Movements in the lateral direction become more significant for the higher 
elevation angles. This is where the majority of errors occurred as it was very difficult 
for the pilot to maintain a lateral position of around +/- 30m.
5.6.3 Results & Conclusions from GPS Trials
As part of the ‘system integration’ phase some trial measurements using the two GPS 
receivers in a relative mode of operation were carried out. The two receiver 
configurations were set up as identically as possible. The measurements were carried 
out at two different locations on campus. Firstly, the two antennas were placed 
approximately 70 metres apart, one on the roof of Hut 10, see University of Surrey 
Campus map, the other was mounted on the ground in an open field in front and to 
the left of Hut 10. Secondly, the two antennas were placed approximately 350 metres 
apart, one on the roof of Hut 10, see University of Surrey Campus map, the other on 
the roof of a car at the corner of the Robens Institute Building as indicated on map.
The first set of measurements there was a line of sight path to both receivers’ 
antennas. In the second set of measurements, there was no line-of-sight between the 
two GPS receiver as the receiver on Hut 10 is blocked to satellites below 60 degrees 
by the BB Building.
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Despite these conditions they both used the same satellites for most of the time during 
each measurement run. However, during the measurements, it was noted that there 
were switches to another satellite combination (one satellite change). This has shown 
up in the analysis by the erroneous points given in the distributions.
The distance of the receiver from Hut 10 to the receiver in the field was measured to 
be 70 metres +/- 2 metres, using OS map 1: 500. The elevation angle was calculated to 
be in the order of 6.5 degrees using trigonometry. The distance of the receiver at the 
Robens Institute Building to the receiver position on the roof of Hut 10, using OS map 
1: 500 was measured to be 356 metres +/- 2 metres. The elevation angle was 
calculated to be in the order of 0.65 of a degree. These results agree well with the GPS 
measured results from the distributions of the relative distance and elevation angle. 
Details of the GPS measurement results are given in Figures 5.6.3-1 to 5.6.3-4 and a 
campus map identifying the two sites shown by Fig. 5.6.3-5.(Campus Map).
The results from these trials implied that using two GPS receivers in a relative mode 
of operation was a sound method from a statistical point of view, rather than from a 
record by record point of view. The main problem is ensuring that the two receivers 
always use the same satellites for position calculations.
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Plot of Relative Position vs Time
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Figures 5.6.3-1 Distance and Elevation from Sitel to Hut 10
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Plot of Relative Position vs Time
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Figures S.6.3-3 Distance and Elevation from Sitel to Hut 10
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Fig. 5.6.3-5.(Campus Map)
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5.6.4 GPS Performance During the Measurement Campaign
During the Measurement Campaign, GPS data was recorded on separate laptop PCs in 
the helicopter and road vehicle for position and Elevation Angle confirmation 
purposes only. The method adopted for GPS measurement was to use the GPS 
receivers in a relative mode of operation as defined previously. Trials prior the 
Measurement Campaign indicated that this would be a reasonable method to employ 
from a statistical point of view, as at the time, differential equipment was beyond the 
project budget. However, during the measurement campaign, it was found that the 
GPS receivers were malfunctioning. This was due to the Sounder transmission levels 
at the L-Band frequency (1540-1560MHz), allocated by the Radiocommunications 
Agency, being too close to that of the GPS receiver frequency (1575.4MHz). This 
resulted in both the helicopter and measurement vehicle GPS receivers suffering 
severe signal degradation.
Various attempts were made to increase the rf shielding between the sounder and GPS 
receivers, including filtering, but owing to the power levels involved sufficient 
screening or filtering could not be achieved. It was decided that only the start and end 
of each run GPS data would be recorded when ever possible, with the L-Band 
transmitter amplifier of the Sounder switched off. However, in certain locations a 
sufficient number of satellites could not be acquired, let alone be the same satellites 
for analysis purposes, as had been achieved during the trials carried out previously. 
Despite of this set back reasonably accurate elevation angles were achieved using the 
techniques described below.
5.7 Elevation Angle Verification Tables
The following tables give the Elevation Angles determined from the Helicopter 
Height as logged by the passenger from the altimeter and the Radial Distance from the 
data. Owing to the flight restrictions, the maximum altitude that a helicopter may fly 
at is 2400ft or 730m above sea level (asl). This implied the 600m radial in the Heavily 
Wooded category for the high elevation angles could not be maintained as the ground 
height was also high. In the Heavily Wooded category an additional restriction by the 
Air Traffic Control at Farnborough instructed our pilot to maintain an altitude of 
2000ft. In these cases the radial distance was reduced to 500m.
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As shown by the Tables the worst case error was around 7° in the Heavily Wooded 
category, owing to bad visibility but for the majority of runs the error was less than 3°.
Table 5.7-1 Elevation Angle Verification
File
Name
Helicopter 
Height (asl)
Ground 
Height (asl)
Radial 
Distance (m)
Elevation 
Angle (Deg)
Elevation 
Error (Deg)
Urbl 30 610 75 1079 30° 0°
Urbl 45 549 75 745 40° 5°
Urbl 60 549 75 546 60° 0°
Urbl 70 625 75 594 68° 2°
Urbl 80 731 75 673 77° 3°
File
Name
Helicopter 
Height (asl)
Ground 
Height (asl)
Radial 
Distance (m)
Elevation 
Angle (Deg)
Elevation 
Error (Deg)
Subl5 305 45 852 17° 2°
Sub30 457 45 825 30° 0°
Sub45 625 45 833 44° 1°
Sub60 564 45 600 60° 0°
Sub70 580 45 558 73° 3°
Sub80 640 45 600 82° 2°
File
Name
Helicopter 
Height (asl)
Ground 
Height (asl)
Radial 
Distance (m)
Elevation 
Angle (Deg)
Elevation 
Error (Deg)
OpenlS 274 80 960 12° 3°
Open30 457 80 900 28° 2°
Open45 640 80 854 41° 4°
Open60 610 80 600 62° 2°
Gpen70 640 80 600 69° 1°
OpenSO 670 80 600 80° 0°
File
Name
Helicopter 
Height (asl)
Ground 
Height (asl)
Radial 
Distance (m)
Elevation 
Angle (Deg)
Elevation 
Error (Deg)
LW15 396 150 900 16° 1°
LW30 580 150 820 31° 1°
LW45 731 150 860 43° 2°
LW60 701 150 650 58° 2°
LW70 731 150 650 64° 6°
LW80 731 150 595 77° 3°
File
Name
Helicopter 
Height (asl)
Ground 
Height (asl)
Radial 
Distance (m)
Elevation 
Angle (Deg)
Elevation 
Angle (Deg)
HW15 380 120 970 16° 1°
HW30 520 120 800 30° 0°
HW45 670 120 900 38° 7°
HW60 670 120 650 58° 2°
HW70 670 120 600 67° 3°
HW80 520 120 410 77° 3°
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5.8 Measurement Equipment
Continuous measurements were recorded on a multi-channel FM tape recorder. The 
data recorded were as follows:
* I and Q Correlator outputs of the Sounder
* The Reference Correlator output from the Sounder
* The output from the Fifth Wheel
* Voice commentary, Time and Date
A 16 channel Racal StorePlus VL analogue FM tape recorder [5-6] was used in the 
measurement vehicle recording at 3.75 in/s (range 15/32 - 30 in/s IRIG). The unit can 
handle input voltages of up to +/-20V via its programmable stepped attenuators 
having a recording bandwidth of up to lOOKHz. All functions of the machine are 
addressable via a serial RS232 link. At the beginning of each measurement day, the 
date and time of the FM recorder and the lap-top PCs were synchronised to the GPS 
time and date. The FM tape recorder has a self calibrating facility available after a 
suitable warm up period and if calibrated in this way the playback output voltage is 
guaranteed to be within +/- 15mV of the original. Channel 1 of the tape was reserved 
to record the time (initially synchronised at the start of each measurement day to the 
GPS time). Channel 2 recorded the vehicle speed via a fifth wheel, voice commentary 
was recorded on Channel 3. The output from the Reference Correlator was recorded 
on Channel 4. The tape recorder is fitted with an internal tacho-generator which 
applies a marker to the tape such that any variation in tape speed due to vehicle 
movement causing fluctuations in the tape motors can be compensated for upon 
playback in the laboratory, this facility is recorded on Channel 5 when set to REF. 
During the measurements Channel 5 was always set to REF so that any tape 
fluctuations could be compensated for upon playback. It was therefore assumed that 
any errors in tape speed were negligible. The amplitude errors on playback were 
easier to quantify. Through a series of measurements, the recorder was tested by 
recording a dc voltage in steps of 0.1V up to 5V. The overall amplitude error was 
found to be in the order of +/- 0.15dB. This figure was similar to that reported in [5-7] 
on a Racal V-Store 8 FM tape recorder. Table 5.8-1, summarises the channel 
allocations and how they were set up.
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Table 5.8-1 Channel allocation and Settings
Channel
No.
Parameter I/P
Attn
Auto I/P
f l E i l p i l l
Auto I/P 
Null
Record
Enable
1 Time TIM - ON ON
2 Fifth Wheel 5 ON ON ON
3 Voice VOC - ON ON
4 Ref. Corr 5 ON ON ON
5 REF - ON ON
6 L-Band 7 5 ON ON ON
7 L-Band Q 5 ON ON ON
8 S-Band 1 5 ON ON ON
9 S-Band Q 5 ON ON ON
5.8.1 Summary of Equipment Errors
A summary of the estimated errors due to positioning and from the equipment are 
listed below in Table 5.8.1-1.
Table 5.8.1-1 Overall Estimated Errors
Parameter Estimated Error
Elevation Angle +/- 1.0 dB
Vehicle Speed +/- 10%
Sounder Time Outputs +/- 1%
Sounder Amplitude Outputs +/- 0.5 dB
FM Tape Recorder +/- 0.15 dB
A/D Conversion +/- 0.05 dB
5.9 The Overall Measurement System
Other more practical needs, apart from the sounding equipment are required in order 
to have a successful measurement campaign. A detailed thought of the complete 
measurement system requirements has to be planned.
The main considerations are:-
1) The antenna mounting arrangements
2) The auxiliary equipment mounting arrangements
3) The system power supply requirements
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5.9.1 The Antenna Mounting Arrangements
The vehicle antenna mounting was fairly trivial in that the two receive antennas were 
screwed to a wooden board that was securely mounted onto purpose built roof bars on 
the van. The Helicopter (transmit) antennas and auxiliary antennas were mounted on 
a metal plate that was clamped to the tubular frame structure of the helicopter skids. 
Protection in the form of a radome was required for the S-Band quadrifilar antenna as 
it was rather flimsy construction due to the dimensions. The L-Band Antenna was of a 
more rigid construction and did not offer too much wind resistance. The antenna 
mounting arrangements of the vehicle and helicopter are shown in Fig. 5.9.1-1 to
5.9.1-3.
Fig. 5.9.1-1 Vehicle Antenna Mounting Arrangement
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Fig. 5.9.1-2 Helicopter Antenna M ounting Arrangem ent for High Elevation 
Angles in the Open/ Highway Environment
Fig. 5.9.1-3 Helicopter Antenna Mounting Arrangement
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5.9.2 The Auxiliary Equipment Mounting Arrangements
The auxiliary vehicle antennas (GPS and CB) were mounted onto the van roof using 
standard vehicle clamps. The helicopter position video camera was mounted on a 
purpose designed wooden board that was hinged, so that the camera could be pointed 
to the helicopter at the appropriate elevation angle. The camera was set to the correct 
elevation angle via a marker on the radius arms and the base of the board. The radius 
arms of the board had been calibrated with angle marks every 5°. The board was 
mounted on standard roof bars specifically designed for the vehicle (Mercedes 307D). 
The front view video camera was set up on a tripod secured to the passenger seat, the 
passenger was responsible for operating this camera during the course of the 
measurements. The auxiliary mounting arrangements for the vehicle are shown in Fig.
5.9.2-1.
Fig. 5.9.2-1 Auxiliary Equipment Mounting Arrangement
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5.9.3 System Power Supply Requirements
Having decided what is to be measured, the method of recording and how to mount all 
the various elements of the equipment, the system power requirements needs to be 
addressed both for the airborne and the vehicle mounted equipment.
As both Transmitter and Receiver are mobile, the auxiliary and measuring equipment 
have to be powered via a battery or inverter. The airborne equipment must be powered 
via its own supply which is totally independent from the helicopter power system. The 
power supply requirements for the measurement system is tabled below.
Table 5.9.3-1 Power Sup]ply requirements
Helicopter Equipment DC Voltage (V) Current (A) Source
Sounder Transmitter +12 3.0 Battery
GPS Equipment +12 0.6 Battery
Laptop Computer +18 2.6 Internal Battery
Vehicle Equipment
Sounder Transmitter +12 1.2 Battery 1
GPS Equipment +12 0.6 Battery 1
Laptop Computer +12 1.0 Battery 1
Oscilloscope +12 2.0 Inverter Supply
Strobe Warning light +12 0.5 Battery 1
CB Transmitter +12 1.0 Battery 2
TV Monitor +12 2.0 Inverter Supply
Inverter +12 5.0 Vehicle Battery
FM Tape Recorder 240ac/ll- 35dc 5.0 Vehicle Battery
The overall system is shown in block diagram form by Figure 5.9.3-1. The power for 
the airborne equipment was supplied by a 12v 24 Ah sealed battery the laptop 
computer had its own internal battery, capable of recording the GPS data for about 
two hours. The airborne equipment is shown in Figure 5.9.3-2
A 12v 105 Ah sealed battery (Battery 1) and a 12v 24 Ah sealed battery (Battery 2) 
was used for the measurement system and auxiliary equipment in the road vehicle as 
well as using the vehicle’s own battery to supply the inverter for the FM tape 
Recorder, as detailed in Table 5.9.3-1. The equipment shared the various power supply 
resources depending on its importance with respect to the measurements. The data 
logging and vehicle equipment layout is illustrated by Figures 5.9.3-3 and 5.9.3-4.
142
Chapter 5. Wideband Propagation Measurement Campaign
Helicopter
Dual
W ideband
S ounder
Transm itter
GPS
Information
Lap-Top PC
M o b i l e
Auxiliary Data 
Video C am eras 
Recording 
H elicopter Position 
and  Environm ent
Dual Wideband 
Sounder Receiver 
I Q(L) I Q(S) l(ref)
Voice 
Aux. DataVehicle ►j Speed
FM R ecorder
Visual
Display
Video M onitor 
for H elicopter 
Positioning
GPS
Information
Lap-Top PC 
S to rage
I Q (S) - O utpu ts o f S-Band C orrelator 
l(ref) - O utput of R eference C orrelator
Off-line A/D J Disk
Q (L) - O utpu ts of L-Band C orrelator C onversion | S to rage
A nalysis System
OFF-LINE PROCESSING
Fig. 5.9.3-1 Measurement System Block Diagram
Photographs of the helicopters used during the measurement campaign are shown in 
Figures 5.9.3-4 and 5.9.3-5.
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I IBA N 5MIIIE R  ■r-™  
DUAL WIDE-BAND 
CHANNEL SOUNDER
Fig. 5.9.3 2 Airborne Equipm ent
Fig. 5 9.3-3 Measurement Vehicle Data Recording System
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Fig. 5.9.3 4 Robinson R22 Helicopter
Fig. 5.9.3 5 Bell Jetranger Helicopter
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5.10 Conclusion
The planning of the Wideband Measurement Campaign has been discussed, the 
various flight strategies that have been employed in other studies were detailed, along 
with their advantages and disadvantages, leading to the methodologies that were 
adopted for the campaign. These resulting in two measurement phases, the first, a 
parallel flight path strategy was adopted, where measurements were taken from a slow 
moving vehicle moving through the particular environment. The second where the 
receiver was static in an Urban environment and the helicopter flew in a hash (#) type 
flight pattern which simulated near and overhead passes of a typical LEO/MEO 
satellite system. The various aspects relating to the use of a helicopter as an 
alternative platform to simulate a satellite have also been included, from the 
experience gained during the measurement campaign. A detailed description of the 
environments that the measurements took place has been given, along with numerous 
photographic illustrations. The issues affecting the data collection and a quantitative 
discussion of the various errors within the context of the experiment and the 
equipment used have been summarised. Finally, through a number of pictures an 
overview is given of the complete measurement system that was used in the field 
including the helicopters and measurement vehicle.
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6.0 RESULTS AND ANALYSIS
In the initial sections of this chapter the analysis procedure is described along with a 
brief overview of the software routines that were developed during this study. This is 
followed by a quantification of the wideband data collected during the measurement 
campaign, and a summary of the data analysed as well as the data in tabular form. 
The remaining sections concentrate on the analysis of the wideband parameters with 
respect to Elevation Angle, are presented in graphical and tabular form for each 
environmental category. Comparative results of the overall means between categories 
of the wideband parameters with respect to Elevation Angle are summarised at the 
end of this section. The Phase II measurement results illustrating the Azimuth Angle 
variations on the wideband parameters over a range of elevation angles for the Urban 
environment are presented and discussed in a similar manner as above.
Analysis of the Carrier to Multipath Ratio for the Urban/Suburban environments over 
the range of elevation angles covered has been undertaken to determine their 
statistical distributions, the results of this analysis are presented. This is followed by 
the analysis of the echo amplitudes and their distributions as well as the Doppler 
spectra for the direct path and the near echoes for the Urban/Suburban environmental 
categories where the echoes are more prevalent. Finally, the results from this study 
are compared with those published in the literature from other wideband propagation 
measurement campaigns applicable to land mobile satellite systems.
6.1 Analysis Procedure
During the measurement campaign the raw data was stored on a Racal Storeplus-VL 
FM Tape recorder using VHS Tape media. This raw data was transferred off-line onto 
Compact-Disc media for archive and subsequent data manipulation via Data 
Translations Global lab software package. This software package incorporates both 
the Data Acquisition software and the file management software. The package has a 
user friendly interface with pull-down option menus, operated from keyboard control 
or a computer mouse. Owing to the large size of each data file (~100Mbytes) small 
sections of data equivalent to 1 minute were identified for analysis. This equates to
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100 m of travelled distance measured in the chosen environment for a particular 
elevation angle. These sub-files of data were then exported and converted into 
individual ASCII-files (10 Mbytes each) using the Global lab package as detailed 
below. Longer sections from the Raw Data can be created, however, these files will 
consequently be larger which will require a reasonable amount of computer memory 
during the processing and analysis.
Note : The ASCII - file size recommended for analysis above are in the order of 10 
Mbytes each, the Data analysis requires five files giving a total in excess of 50 
Mbytes of data to be manipulated.
The Global lab software is a PC/dos package. Once the sub-files had been created in 
ASCII format they were transferred and converted to a UNIX environment over the 
network for subsequent analysis using the Matlab routines developed.
6.1.1 D ata Pre-Processing
A three stage approach has been adopted before the data can be analysed using the 
Matlab software routines developed.
1) Create a small section from the selected Data File and create five  ASCII-Files. 
These are created using the Globlab Export file command and selecting ASCII 
as the exported file format.
2) Convert the data from Cartesian form to Polar form. This is achieved via the 
routines written in standard ANSI - C programming language.
3) The output files from these routines enables the data to be analysed via Matlab 
routines that have been developed specifically.
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6.1.2. Flow Diagram of Data Pre-Processing Procedure with Example
Select Data File to be Analysed from Data Files on CD-Media
Export this Data and give it a New File Name (ie. urb60_l.dat)
Open the New Data File (urb60_l.dat)
Select each Channel Individually using Curve,Open,Chxx
Browse the Data File using Window,Scale, Browse facility
Open Data file Using the Global lab software package: 
Statpack,File,Open
Select the Section of data to be Analysed 
via the Window,Scale,Zoom facility
Run the Matlab routines 
Starting with pavl.m
Exit G lob lab  Software Package 
Convert *.asc files to Unix format
Export each Channel as an ASCII - File 
Giving each File a unique logical File Name 
(ie. urb601i.asc, urb601q.asc 
urbôOsi.asc, urbôOsq.asc 
urb60rf.asc)
Note:- Five ASCII-Files should be created
( E.G. iql urbôOli.asc urb601q.asc 
iqs urb60si.asc urbôOsq.asc 
ref2 urbôOrf.asc urbôOrf.asc)
Edit the dc offset Parameters in 
paramsJL and params_S 
Run the ‘C  routines 
iql iqs and ref2
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6.2 Results Quantification
One of the main objectives of this study from the measurement campaign was to 
provide a reasonable contribution to the propagation database held by the European 
Space Agency. The total amount of data recorded during Phase I of the Measurement 
Campaign is given in Table 6.2-1:
Table 6.2-1 Phase I Measurement Campaign
Elevation Angle
Environmental
Category
1 1 1 : s i l l 45° 60° i l l ! ! ! 80° Total
Seconds
Urban 0 569 547 588 569 532 2805
Suburban 713 725 639 634 705 874 4290
Open/Highway 670 550 587 563 502 736 3608
Heavily Wooded 1391 936 819 805 548 629 5128
Lightly Wooded 829 844 747 780 803 877 4880
Totals 3603 3624 3339 3370 3127 3648 20711
This equates to an excess of 5.75 hours of recorded data in total for each frequency. 
Wideband parameters have been determined for sample one minute sections of the 
data, as shown in tabular form below. These represent a 100 meter travelled distance 
in each category and elevation angle, except for the Open /Highway, which is 150 
meters travelled distance. In order to be consistent, the data analysed was the same 
section within the environment for each elevation angle. The amount of Phase I. Data 
analysed from the Measurement Campaign is given by Table 6.2-2.
Table 6.2-2_________  Elevation Angle
Environmental
Category
15° 30° 45° 60° 70°
o00 Total
Seconds
Urban 0 300 300 300 300 300 1500
Suburban 300 300 300 300 300 300 1800
Open/Highway 240 240 240 240 240 240 1440
Heavily Wooded 240 240 240 240 240 240 1440
Lightly Wooded 240 240 240 240 240 240 1440
Totals 1020 1320 1320 1320 1320 1320 7620
This represents for both frequency bands 2.5Km travelled distance in the Urban, 3Km in the 
Suburban and 2.4Km in the Open/Highway and each of the two Wooded environmental 
categories over the elevation angles covered.
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The amount of data recorded during Phase II. of the Measurement Campaign
Table 6.2-3
Category Urban No.of Runs Elevation Angles Total Time 
(seconds)
Site 1 5 30-90 2767
Site 2 5 30 - 90 2741
The amount of Phase II. Data Analysed from the Measurement Campaign
Table 6.2-4
Environmental 
Category 
Urban Site 2
No.of
Data
Sections
No.of
Profiles
L-Band
Elev.Ang
Covered
S-Band
Elev.Ang
Covered
Total No. 
of Profiles 
Analysed
Runl West-East 1 1200 40-50 40-50 2400
Run2 East-West 1 1200 65-85 65-85 2400
Run3 West-East 1 1200 50-70 50-70 2400
Rim4 North-South 1 1200 40-50 40-50 2400
RunS South-North 1 1200 40-50 40-50 2400
6.3 Analysis of Results
The results from the analysis of the Phase I Measurement Campaign in terms of 
Average Delay, RMS Delay Spread with respect to Elevation Angle for each of the 
different environments covered, at L and S bands, are given below in graphical form. 
These are followed by comparative graphical examples of Average Delay, RMS 
Delay Spread and Carrier to Multipath Ratio with respect to Elevation Angle. A 
summary of the mean values of the results for each category with respect to Elevation 
Angle are also presented in tabular form for the 100m data sections analyses at the 
end of this section. A brief explanation of the results is given for each environment. 
Additionally, a section from OS maps of each particular environmental category 
showing where the measurements took place is given, this indicates the positions of 
the analysed 100m data sections.
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The choice of the Threshold or Cut-off limit for the Average Power Delay Profile is a 
critical factor for any subsequent analysis. If the choice is made too low, then there is 
a high possibility of including noise spikes or noise from the auto-correlation function 
due to the imperfections of the noise like structure of the code selected. The longer 
the code used the more noise like the auto-correlation function appears. However, as 
discussed in Chapter 4, the longer code sequences have further implications on the 
vehicle speed and the measurement campaign. It is recommended in [6-5], that the 
Threshold should be at least 3dB above the noise floor. The Threshold level adopted 
for the analysis was 5dB above the mean noise floor for all the environmental 
categories, except for the Open/Highway environment, where the Threshold was set to 
3dB. This was because a longer code sequence was chosen for the measurements in 
this category, where little multipath was expected. The longer code sequence was 
used to allow for the possibility of more far out echoes to be captured. However, for 
the majority of the measurements there were very few far out echoes detected. A 
relatively high threshold level was adopted in order to obtain a high degree of 
confidence that the peaks detected were genuine echoes rather than noise.
6.3.1 Urban Results
\
The strategy maintained for the Urban environment was such that the helicopter for 
most of the measurements was in view for all the elevation angles covered. The 
potential scatterers were either in front, behind but mainly to the side adjacent to the 
vehicle opposite to the helicopter. This philosophy was adopted owing to the limited 
dynamic range (30 dB) of the sounder, but mainly because the multipath signal was of 
prime interest in this study and not the effects of shadowing, which have been well 
documented in the literature as previously cited in Chapter 3. However, this strategy 
has meant that the figures for C/M Ratio for an Urban environment are not 
necessarily typical and may be considered as being high. There were sections during 
the measurements where shadowing of the signal could not be avoided and in these 
sections, it was noticeable that the L-band signal maintained a reasonable level, even 
when shadowed by a tall building. However, the S-band signal was severely 
attenuated as would be expected.
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Figures 6.3.1-1 and 6.3.1-2 show the results of Average Delay and RMS Delay Spread 
as a function of elevation angle for the four 150 m sections that have been analysed. 
The locations of each run are marked on the University of Surrey campus map shown 
by figure 6.3.1-3.
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Fig. 6.3.1-1 Average Delay vs. Elevation Angle at L- and S-Band
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Plot of RMS Delay Spread vs. Elevation Angle : Urban L-Band
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Fig. 6.3.1-3 M ap of Urban Environment (University of Surrey Cam pus)
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From the results above, at low elevation angles the signal in an urban environment is 
normally shadowed by the surrounding buildings and the attenuation of the signal 
is the dominant propagation impairment. The multipath signals are masked by the 
noise floor, this is observed particularly in the results at low elevations for Runl at S- 
Band, where the helicopter was shadowed by AB and CSER buildings most of the 
time as shown by R unl, Fig. 6.3.1-3. However, even when there is a clear direct path 
signal to the measurement vehicle, as in Runs 2,3,4 and 5, at 30° elevation the results 
for Average Delay and RMS Delay Spread are still low for most of the runs. This 
may be accounted for by the geometry of the scenario: for low elevation angles, the 
height of the helicopter is such that the potential scatterers were not illuminated and 
the reflections were mainly from the ground. The ground reflections were blocked to 
the receiver due to positioning the antennas in the centre of the vehicle’s roof, the 
vehicle itself then acted as a shield.
As the elevation angle increases more of the potential scatterers were illuminated as 
indicated by the slight increase in the results around 45° elevation. When the elevation 
angle increases still further, both the Average Delay and RMS Delay Spread tend to 
decrease, such that most of the multipath signal measured is due to the scatterers in 
the local vicinity of the mobile less than 100m distant. This is the case for both 
frequency bands as shown by the graphs. The above average results for Runl is 
mainly due to the multipath reflections from the Senate Building (the tallest building 
on campus of 9 storeys). Whereas, Run 2 was surrounded by buildings of 5 storeys 
and to the south the ground rises effectively increasing the building heights to reach a 
maximum where the Cathedral is sited. See j Section 6.4 for analysis showing the 
dependence of delay time and building height. Some relatively distant echoes were 
detected for short periods from the Cathedral when the geometry was correct.
The RMS Delay Spread results for L-band were found to be significantly larger than 
for S-Band. This may be accounted for by two main reasons:
1) The scattered multipath energy is attenuated and decreases as a function of 
distance and experiences a greater attenuation at higher frequencies.
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2) To determine the RMS Delay Spread from the Average Power Delay Profile a 
threshold is set. Therefore, echoes may appear above the threshold at the lower 
frequency and be counted, but fall below the same threshold at the higher 
frequency, consequently the apparent RMS Delay Spread is reduced.
The direct path is only attenuated by the free space square power law if not shadowed. 
It is assumed that the multipath energy is spherically scattered and the effect is similar 
to that given by the radar equation:
Where Pi and P2 are the received and transmitted powers respectively, f  is the 
frequency, c is the velocity of light and a  is the scattering coefficient. Hence the 
scattered power tends to decrease more rapidly with frequency than the direct path. In 
Section 6.4 an analysis of the scatterer geometry and the potential delays is given.
6.3.2 Suburban Results
In the Suburban environment the measurement strategy adopted for the Urban 
environment could not be maintained. This meant that at low elevation angles (below 
45°) the signal was shadowed by the 2/3 storey houses for most of the time. The signal 
level only increased as the helicopter flew between the houses and when passing T- 
junctions as was the case for Runl and Run5. The analysis shows that for these runs
2 2
(6.3.1)
Scatterer
Fig. 6.3.1-4 Illustration of the Radar Equation
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the Average Delay and RMS Delay Spread were found in general, to be slightly 
larger. This is mainly due to more potential scatterers being illuminated, especially at 
around 45°. Just as in the Urban environment, as the elevation angle increased to 
around 45°, the Average Delay and RMS Delay Spread tend to increase. After 45°, 
the Average Delay and RMS Delay Spread tend to steadily decrease down to a level 
where only the nearby scatterers made a contribution to the measured multipath 
signal, as the elevation increases to the high angles.
The slight increase in Average Delay at 80° elevation was probably due to multiple 
scattering via reflections from the nearby buildings and trees that were in some of the 
gardens, as well as those that lined the roadside. However as stated previously, the 
general trend is a steady decrease in Average Delay and RMS Delay Spread above 45° 
and a levelling off at around elevations of 70° to 80°.
As in the terrestrial case [6-6], there were occasions when echo delays of 1 - 4 jlis were 
measured in the Suburban and Urban environments. However, they were of very short 
in duration (i.e. they only appeared in 1 or 2 profiles) and had very little relative 
power, 28 to 29 dB below the direct lath signal. These echoes would have very little, 
if any noticeable effect on any practical system.
The main reasons for the peak around 45° are due the illumination of more scatterers, 
especially at T- junctions and the respective building heights, which were typically 2 
to 3 storeys (10 - 15m), as indicated by the simplified analysis shown in section 6.4. 
Additionally, multiple scattering from the buildings, both sides of the street 
approximately 20 to 30m apart, forming an ally-way, causing possible ducting effects.
Figures 6.3.2-1 and 6.3.2-2 show the results of Average Delay and RMS Delay Spread 
as a function of elevation angle for the five 100 m sections that have been analysed.
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Plot of Average Delay vs. Elevation Angle : Suburban L-Band
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Plot of RMS Delay Spread vs. Elevation Angle : Suburban L-Band
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The locations of each run are marked on the OS map of the area shown by figure
6.3.2-3.
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MATERIAL REDACTED AT REQUEST OF UNIVERSITY
6.3.3 Open/Highway Results
There was very little multipath measured in the Open/Highway environment as would 
be expected. The analysis shows that the multipath measured was just above that of 
the probing pulse and acts as a good baseline for the other environments to be 
compared against. The multipath that was measured was mainly caused by reflections 
from the raised banks that are usually found either side of motorways and dual 
carriageways, as well as some fences that lined the roadside in places.
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Figures 6.3.3-1 and 6.3.3-2 show the results of Average Delay and RMS Delay Spread 
as a function of elevation angle for the four 100 m sections that have been analysed. 
The locations of each run are marked on the OS map of the area shown by figure
6.3.3-3.
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Fig. 6.3.3-1 Average Delay vs. Elevation Angle at L- and S-Band
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Plot of RMS Delay Spread vs. Elevation Angle : Open/Highway L-Band
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MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Fig. 63.3-3 M ap of Open/Highway Environm ent
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The results show that for the Open/Highway environment the Average Delay and 
RMS Delay Spread as a function of elevation angle tend to be reasonably constant
over all elevations. The exception was for Run3, where the only feature of the
Open/Highway category was an overpass approximately halfway along the chosen 
route. The effect on the overall average was a slight increase in Average Delay and 
Delay Spread at elevations of around 30° and 70°. This tends to distort the results for 
the overall average to a certain extent.
The main observation, as the vehicle passed under the overpass was the attenuation of 
the signal as the prime cause of distortion rather than effects from multipath. Even 
when approaching or leaving the overpass only a little additional multipath delay was 
measured at around 30° in elevation. This is mainly due to the measurement geometry, 
as the overpass was approximately in line with the propagating wave. The slight 
increase in RMS Delay Spread at 70° in Run3 was possibly due to scattering from a
nearby tree measured at the end of the run.
Again in this category distant echoes were measured with short life-times and low 
relative powers. These were mainly seen at the elevation angles of 30° - 45°, where 
the antennas were omni-directional. At the high elevation angles at 60° and above, the 
more directional Helical antennas were used to transmit the signal from the helicopter 
during the measurements for this category and the far off scatterers were not 
illuminated due to the radiation pattern of antennas.
6.3.4 Lightly Wooded Results
The measurements in the Lightly Wooded category were carried out along a tree lined 
section of dual carriageway along the A31, called the Hogsback. The trees lined both 
sides of the carriageway and the central reservation, they were fairly continuously 
distributed and gave the effect of a high hedge, especially at the lower elevations. This 
meant that there was quite a significant signal attenuation at elevation angles below 
45°.
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Figures 6.3.4-1 and 6.3.4-2 show the results of Average Delay and RMS Delay Spread 
as a function of elevation angle for the four 100 m sections that have been analysed. 
The locations of each run are marked on the OS map of the area shown by figure
6.3.4-3.
Plot of Average Delay vs. Elevation Angle : Lightly Wooded L-band
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Plot of Average Delay vs. Elevation Angle : Lightly Wooded S-band
200
180
160
140
120
 Mean
Riinl
60
 Run3
.r..R ùn4.
40
80706050
■1
40
Elevation Angle [Deg.]
30
Fig. 6.3.4-1 Average Delay vs. Elevation Angle at L- and S-Band
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Plot of RMS Delay Spread vs. Elevation Angle : Lightly Wooded L-band
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Plot of RMS Delay Spread vs. Elevation Angle : Lightly Wooded S-band
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Fig. 6.3.4-2 RMS Delay Spread vs. Elevation Angle at L- and S-Band
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Fig. 6.3.4-3 Map of Lightly Wooded Environment
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As indicated by the results there was more scattering observed at L-Band than S- 
Band. This was due to the higher frequency signal being quite severely attenuated 
below 45° caused by the hedge effect. At around 45° both frequency bands had a 
mean Average Delay of 120ns, indicating that the scattering came from the nearby 
avenue of trees. Again, the geometry appears to have some effect at around 
elevations of 45° and 60°. The S-Band signal was absorbed most of the time rather 
than scattered. This was because the trees were in full foliage and had maximum 
water content at the end of May, when the measurements were taken. Unfortunately, 
there were insufficient funds to undertake a measurement programme during the late 
Autumn, when the leaves were dry, (Minimum water content) or in Winter/early 
Spring, when there were no leaves. In the later case the dimensions of the branches 
may have more of an effect on scattering the signal, due to the wavelength of the 
propagating signal, additionally there would be less absorption/attenuation of the 
signal due to foliage.
The results for RMS Delay Spread at L-Band show quite a variation with respect to 
elevation angle over each run, especially around 45° and 60°. This was when the 
helicopter came into view and more multipath scattering was observed giving a slight 
increase in RMS Delay Spread at these elevations. At L-Band the signal was more 
prone to being scattered from the various trees/tree tops around rather than being 
absorbed, as was the case for the S-Band signal.
At the very high elevation angles 70° to 80°, both signals settled down with Average 
Delay and RMS Delay Spread values similar to the Suburban and Open/Highway 
categories for the same elevations. This indicating again that the main scattering was 
caused by the trees in the near viscinity, around 60m distant from the mobile.
6.3.5 Heavily Wooded Results
The measurements for this category were carried out in a heavily wooded section of 
Runfold Wood near Farnham. The trees were much more randomly distributed and of 
various types ranging from conifers, mainly Pine trees to broad leafed deciduous trees 
like the Oak.
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Figures 6 .3.5-1 and 6.3.5-2 show the results of Average Delay and RMS Delay Spread 
as a function of elevation angle for the four 100 m sections that have been analysed. 
The locations of each run are marked on the OS map of the area shown by figure 
6.3.5-3.
Plot of Average Delay vs. Elevation Angle : Heavily Wooded L-band
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Plot of Average Delay vs. Elevation Angle : Heavily Wooded S-band
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Fig. 6.3.5-1 Average Delay vs. Elevation Angle at L- and S-Band
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Plot of RMS Delay Spread vs. Elevation Angle : Heavily Wooded L-band
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Plot of RMS Delay Spread vs. Elevation Angle : Heavily Wooded S-band
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Fig. 6.3.S-2 RMS Delay Spread vs. Elevation Angle at L- and S-Band
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Fig. 6.3.S-3 Map of the Heavily Wooded Environm ental Category
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As expected, at the lowest elevation angle both signals suffered severe attenuation. 
However, in the gaps between the trees the signal recovered and some multipath 
echoes observed. Unlike the Lightly Wooded case, the trees, although more of them, 
were not so compact as the elevation angle increased, (i.e. the hedge effect was not so 
apparent). This accounts for more signal being received at elevations around 30° and 
more scattering observed and shown in the results by Figs. 6.3.5-1 and 6.3.5-2. At 45° 
the results for RMS Delay Spread are of a similar level to those of the Lightly 
Wooded category. However, at 60° there is a higher level of multipath in both 
frequency bands, though slightly reduced RMS Delay Spread in the S-Band results 
than the L-Band for the reasons given previously. The fluctuations in the results for 
both Average Delay and RMS Delay Spread is possibly due to the heights of the 
various trees and the elevation angle of the transmitted signal. At around elevations 
of 30° most of the signal passes underneath the main canopy of the trees, whereas at 
45° the majority of the signal is propagating through the bulk of the tree canopy and at 
60° the signal passes over the tree canopy. This is also indicated by the results from 
an earlier Narrowband statistical study shown in Chapter 7.
At elevation angles around 70° to 80° the S-Band results tend to settle down to a 
similar level as those for the Lightly Wooded and Open/Highway categories. This 
again indicates that only the nearby trees are contributing to the scattered energy. Any 
delays caused by far out reflections tended to be absorbed/attenuated at this 
frequency, subsequently, less scattering was observed or measured. The L-Band 
results are slightly higher, mainly due to less absorption of the signal as stated 
previously, where there was still a reasonable degree of multipath activity. At the very 
high elevations the scattering was mainly due to .the nearby trees. As in the case for S- 
Band, the far out echoes were also attenuated, as the scattered waves pass through 
successive trees and hence no long delays were detected. The overall trend after about 
45° is that the results for both frequency bands tends to decrease as the elevation angle 
increases to a level similar to that of the other categories.
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6.3.6 Comparison of Results in Different Environments
In order to give a clearer understanding of the multipath signal as a function of 
elevation angle, comparative graphs of the overall mean results for Average Delay, 
Delay Spread and C/M Ratio from the various environments are given in Figures 
6.3.6-1 to 6 .3.6-6. The results that are compared with each other are for the Urban, 
Suburban and Open/Highway categories and the two wooded categories and the 
Open/Highway environment.
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Fig. 6.3.6-1 Comparison of Average Delay vs. Elevation Angle for Urban,
Suburban and Open/Highway Environmental Categories
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Plot of Mean RMS Delay Spread vs. Elevation Angle : L-Band
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Fig. 6.3.6-2 Comparison of RMS Delay Spread vs. Elevation Angle for Urban, 
Suburban and Open/Highway Environmental Categories
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Plot of Mean Average Delay vs. Elevation Angle : L-Band
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Fig. 6.3.6-3 Comparison of Average Delay vs. Elevation Angle for Heavily
Wooded, Lightly Wooded and Open/Highway Environmental Categories
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Plot of Mean RMS Delay Spread vs. Elevation Angle : L-Band
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Fig. 63.6-4 Comparison of RMS Delay Spread vs. Elevation Angle for Heavily 
Wooded, Lightly Wooded and Open/Highway Environmental Categories
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Plot of Mean C/M Ratio vs. Elevation Angle : L-Band
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Fig. 6.3.6-S Comparison of C/M Ratio vs. Elevation Angle at L-Band and S- 
Band for Urban, Suburban and Open/Highway Environmental 
Categories
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Plot of Mean C/M Ratio vs. Elevation Angle : L-Band
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Fig. 6.3.6-6 Comparison of C/M Ratio vs. Elevation Angle at L-Band and S- 
Band for Heavily and Lightly Wooded and Open/Highway 
Environmental Categories
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The comparative graphs show the general trend as discussed previously, where the 
results for Average Delay and RMS Delay Spread in all the environments after around 
45° elevation tend to decrease as the elevation angle increases to approximately the 
same level as the Open/Highway category, (110ns and 40ns respectively). The 
comparative results for the C/M Ratio as a function of elevation angle tend to show in 
the main, as the elevation angle increases the C/M Ratio increases. This indicates that 
the Narrowband channel statistics become more Rician distributed as the elevation 
angle increases, as has been shown by previous Narrowband studies discussed in 
Chapter 3.
6.3.7 Phase I Results Summary
The mean values from the results for each of the different environments with respect 
to the elevation angles covered, in terms of Average Delay, Delay Spread and Total 
Excess Delay for L and S bands are given below in tabular form.
Urban L - Band S- Band
Elevation
Angle
Average 
Delay (ns)
RMS Delay 
Spread (ns)
Total Excess 
Delay (ns)
Average  ^
Delay (ns)
RMS Delay 
Spread (ns)
Total Excess 
Delay (ns)
30 135 36 250 131 31 233
45 150 77 400 134 41 375
60 133 62 350 127 44 333
70 131 47 300 121 38 300
80 117 42 250 117 45 247
Suburban L - Band S- Band
Elevation
Angle
Average 
Delay (ns)
Delay 
Spread (ns)
Total Excess 
Delay (ns)
Average 
Delay (ns)
Delay
Spread (ns)
Total Excess 
Delay (ns)
15 84 34 224 84 35 200
30 87 41 238 87 36 157
45 148 54 300 124 60 294
60 118 40 586 114 44 415
70 108 39 345 107 43 335
80 109 38 310 110 41 308
Open/Highway L - Band  *5- Band
Elevation
Angle
Average 
Delay (ns)
Delay 
Spread (ns)
Total Excess 
Delay (ns)
Average 
Delay (ns)
Delay 
Spread (ns)
Total Excess 
Delay (ns)
15 106 38 370 106 41 345
30 112 44 400 113 47 375
45 109 36 523 109 37 369
60 106 34 347 106 37 300
70 110 39 300 111 39 300
80 108 34 362 113 44 344 .
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Heavily Wooded L  - Band S- Band
Elevation
Angle
Average 
Delay (ns)
lD |la y i||||p ::  
Spread (ns)
Total Excess 
Delay (ns)
l i l l i r l l l i l  
Delay (ns) Spread (ns)
Total Excess 
Delay (ns)
15 107 32 255 102 33 200
30 168 61 400 167 63 300
45 129 52 300 132 32 225
60 155 62 400 128 47 200
70 138 62 350 114 37 200
80 129 53 300 113 35 200
Lightly Wooded L - Band S- Band
Elevation
Angle
| | | |p f |g e | | l  
Delay (ns)
^ D B la y g g #  
Spread (ns)
Total Excess 
Delay (ns)
Average 
Delay (ns)
Delay
Spread (ns)
Total Excess 
Delay (ns)
15 92 33 200 105 36 188
30 112 41 200 107 37 200
45 123 51 354 125 46 250
60 126 54 324 111 43 222
70 120 41 310 110 38 300
80 119 39 322 109 39 310
6.4 Analysis of Delay Paths
The geometry of the scenario shown by Fig. 6.4-1, appears to play a large part, an 
analysis of the delay paths is given to possibly account for some of the received 
echoes. The relative distances of the receiver and the building heights with respect to 
elevation angle are listed in Table 6.4-1, and shown by Fig.6.4-2. This also gives an 
indication of the expected delays that may occur due to the building/scatterer given 
the distances involved.
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Fig.6.4-1 The Scatterer Geometry
O, dlcos 2(j) = —  
d
a htan c{) = — 
vv
(6.4.1)
(6.4.2)
d + d, = Vw2 +/z2 +V w 2 + /i2 cos2({) (6.4.3)
The excess delay (t) is :
T =
- s /w 2 +/z2(l + cos2(j)) (6.4.4)
Substituting for (w)
T =
f  A Y
vtan(|) y
+ /z2 (l + cos2(|))
(6.4.5)
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Re-arranging
m  + cos2ÿ ) (6.4.6)
c V tan <])
h (l + cos2<l))-y/l + tan2(j) . _.
T = --------------------------------------------------------------------------------------- ( 0 . 4 . / )
c tancj)
From the relationship 1 + tan20 = sec20 = l/cos20
h (1 + cos2(j) 
c tancj)cos(j)
T = ft  ^)
Simplifying,
^ = ft( l + cos2(|)) (6 .4 .9)
c sincj)
^ _  ft 2 eosi|) (6 .4 .10)
c tancj)
f t= f i iE i  (6.4.11)
2 coscj)
The main result from this analysis is that the delay is only a function of the scatterer 
height (h) and elevation angle (cj) ) and not the distance variable (w).
The scatterer height with respect to elevation angle for various delays is plotted in 
Fig. 6.4-2.
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Delay Range for Elevation Angles vs Scatterer Height
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Fig.6.4-2 Scatterer Height vs. Elevation Angle
Table 6.4-1 Scatterer Height
Delay 15° 30° 45° 60°
100ns 5 10 21 52
200ns 8 20 42
300ns 12 30 64
The analysis implies that there is more likelihood to have reflections from buildings or 
trees with heights around 8 - 30m and at Elevation Angles around 20° - 50°. This is 
consistent with the results from this study.
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6.5 Phase II Results
Results from the analysis of the Phase II Measurement Campaign in terms of mean 
values for the Average Delay, Delay Spread and Carrier to Multipath Ratio over the 
range of elevation angles covered are given in Table 6.5-1. These are followed by 
comparative Time Series graphical examples of Average Delay, Delay Spread and 
C/M Ratio at L and S-Bands.
North
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Run4
r .
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Runl
Run5
700m
4 ..............................i
2 Km
Fig: 6.5-1 Hash Flight Path Pattern
Overhead and Near Overhead P asses vs. Elevation Angle
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<  60
Runs1-5
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30 600500400300
Time [Seconds]
200100
Fig: 6.5-2 Ideal Elevation Angle vs. Time for Hash Pattern
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6.5.1 Phase II Elevation Angle Plots
Figures 6.5.1 and 6.5.2 show the idealised flight path adopted for the Phase II 
measurements. Figure 6.5.3 show the actual Elevation Angle vs. Time obtained from 
the Phase II measured data for the analysed one minute sections of each run, using the 
Absolute Delay and the helicopter height being 740m above ground level for Runsl 
and 2 and at a height of 650m for all the other Runs. These results compare 
favourably with calculations made from the supporting video material. A plot of the 
ground path taken from the video of the helicopter flight during the Phase II 
measurements over Site 2 is shown by Fig. 6.5-4. The scales of the time axes of Fig. 
6.5-3 are different as the whole run is depicted in Fig. 6.5-2, whereas, Fig. 6.5-3 only 
shows the 60 second analysed data sections for each run. However, owing to the 
difficulties of maintaining a low air speed with respect to the ground the pilot 
achieved a reasonably consistent result for each run and allowing for the obvious 
differences in wind direction. From the figures, the helicopter may have been 
travelling at twice the desired ground speed, however it is the consistency in ground 
to air speed that is desired during the measurements, the actual speed can be scaled.
187
El
ev
at
io
n 
An
gle
 
[D
eg
.]
Chapter 6. Results and Discussion
Elevation Angle vs Time for Runs 1 to 5
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Fig.6.5-3 Elevation Angle vs. Time for Runs 1 to 5
188
Chapter 6. Results and Discussion
ù>
l i i l l i i ’'"
.
i ^ l l  
i c = a
f l î M à y  H i  s
Ed..00:3
H#.# c  Ç  £■
H U.mHIA
'H.v^ r 0^1
SfT.CC o_S^ r
ï* 5 § s= ?  t■51 I
% llll# lll
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Table 6.5-1. Urban Category Phase 2 Measurements
Urban Site 2 R u n l L-Band S-Band
Wideband Parameter 40° - 50° 40° - 50°
Average Delay (ns) 110 109
Delay Spread (ns) 36 46
C/M Ratio (dB) 18.9 15.5
Std (a) (dB) 2.8 5
Urban Site 2 Run2 L-Band S-Band
Wideband Parameter 70° - 85° 70° - 85°
Average Delay (ns) 111 114
Delay Spread (ns) 42 71
C/M Ratio (dB) 19.9 16.1
Std (a) (dB) 3.7 5
Urban Site 2 Run3 L-Band S-Band
Wideband Parameter 50° - 70° 50° - 70°
Average Delay (ns) 105 111
Delay Spread (ns) 36 50
C/M Ratio (dB) 21.6 17.7
Std (a) (dB) 3 5.4
Urban Site 2 Run4 L-Band S-Band
Wideband Parameter
©m©
40" - 50°
Average Delay (ns) 105 101
Delay Spread (ns) 35 35.5
C/M Ratio (dB) 23.4 21.4
Std (a) (dB) 2.7 4.4
Urban Site 2 RunS L-Band S-Band
Wideband Parameter 40" - 50" 40" - 50"
Average Delay (ns) 104 102
Delay Spread (ns) 36 38
C/M Ratio (dB) 21.8 18.6
Std (a) (dB) 3.4 5.2
Where, Std (a) (dB) is the Standard Deviation of the C/M Ratio in dB.
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Plot of Average Delay vs Time : Urban L-Bandx 10" Plot of Average Delay vs Time : Urban 5-Bandx 10"1.35 1.4
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Fig: 6.5-5 Phase 2 Results of Average Delay at L- and S-Bands Site 2 Run 1
Plot of Delay Spread vs Time : Urban S-Band
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Fig: 6.5-6 Phase 2 Results of Delay Spread at L- and S-Bands Site 2 Run 1
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Fig: 6.5-7 Phase 2 Results of C/M Ratio at L- and S-Bands Site 2 Run 1
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Plot of Average Delay vs Time in Urban Area at 5-BandPlot of Average Delay vs Time in Urban Area at L-Band x 10x 10"
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Fig: 6.5-8 Phase 2 Results of Average Delay at L- and S-Bands Site 2 Run 2
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Fig: 6.5-9 Phase 2 Results of Delay Spread at L- and S-Bands Site 2 Run 2
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Fig: 6.5-10 Phase 2 Results of C/M Ratio at L- and S-Bands Site 2 Run 2
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Plot of Average Delay vs Time : Urban SiteZ Run3 S-Bandx 10"Plot of Average Delay vs Time : Urban L-Band Run3x 10"
1.4
o 1.3
■S 1-2
0.9
Time [Seconds]Time [Seconds]
Fig: 6.5-11 Phase 2 Results of Average Delay at L- and S-Bands Site 2 Run 3
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Fig: 6.5-12 Phase 2 Results of Delay Spread at L- and S-Bands Site 2 Run 3
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Fig: 6.5-13 Phase 2 Results of C/M Ratio at L- and S-Bands Site 2 Run 3
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Plot of Average delay vs Time : Urban Site 2 Run 4 S-BandPlot of Average delay vs Time : Urban Site 2 Run 4 L-Band x 10"x 10" 10.5
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Fig: 6.5-14 Phase 2 Results of Average Delay at L- and S-Bands Site 2 Run 4
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Fig: 6.5-15 Phase 2 Results of Delay Spread at L- and S-Bands Site 2 Run 4
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Fig: 6.5-16 Phase 2 Results of C/M Ratio at L- and S-Bands Site 2 Run 4
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Plot of Average Delay vs Time : Urban Site 2 Run 5 S-BandxIO"
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Fig: 6.5-17 Phase 2 Results of Average Delay at L- and S-Bands Site 2 Run 5
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Fig: 6.5-18 Phase 2 Results of Delay Spread at L- and S-Bands Site 2 Run 5
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Fig: 6.5-19 Phase 2 Results of C/M Ratio at L- and S-Bands Site 2 Run 5
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Table 6.5-2 Phase 2 Measurements Maximum Parameter Value
Wideband Run 1 Run 2 Run 3 Run 4 'WtÏÏnÈM Freq.
Parameter 40°-50° 70o-85° 50°-70° 40o-50° l l B i l i s Band
Average Delay ns 130 145 111 111 111 L-Band
Delay Spread ns 39 352 45 39 46 L-Band
Total Delay ns 150 400 300 120 120 L-Band
Average Delay ns 135 180 160 105 107 S-Band
Delay Spread ns 180 351 300 49 50 S-Band
Total Delay ns 200 400 350 120 120 S-Band
Plot of M ean and Maximum of A verage D elay v s  Run N o.
1 8 0
L—Band
1 7 0
S —Band
1 6 0
^  15 0
120
110
100 4 .53 .52 .51 .5
Run N um ber
Fig. 6.5-20. Mean & Maximum Values of Average Delay vs. Run Number
Plot of M ean and Maximum of D elay  S p read  v s  Run No.
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Fig. 6.5-21. Mean & Maximum Values of Delay Spread vs. Run Number
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Power Delay Profiles : Urban Site2 Run3 S-Band
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Fig. 6.5-22 Phase II Multipath Signal
The results of the Phase II measurement campaign clearly indicate the effects of the 
Azimuth angle with respect to the Average Delay and RMS Delay Spread. The results 
of each Run shown in Figs. 6.5-5 to 6.5-19, show how the wideband parameters vary 
as the helicopter flew passed the static measurement site. Similar fluctuations of these 
parameters were observed in the Phase I measurement campaign as the helicopter and 
measurement vehicle travelled through the particular environment, as shown in 
Section 6.3. There were very few echoes from runs 4 and 5 as the geometry was such 
that the signal was reasonably clear from potential scatterers. The only contribution to 
the multipath signal was from the nearby buildings as shown by the Campus map Fig.
6.5-4 and the overall results of Figs. 6.5-20 and 6.5-21.
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The largest contribution to the multipath signal was in Run2, where reflections from 
the Cathedral, (the most likely candidate) were observed which was approximately 
200m from the Site2 measurement position. The multipath signal is clearly shown in 
Figure 6.5-22, where delay of the line of far echoes is consistent with the round trip 
distance from the Cathedral to Site2, as shown in the figure, also the Cathedral is the 
largest building around at that distance. It is also worth noting the relative power level 
given by the echoes, being comparatively small approximately, 12 -15dB below the 
amplitude of the direct path signal. The life-time of these echoes is also worth noting, 
lasting for only about a second (just over 20 profiles) as the helicopter flew passed, 
providing the correct geometry for the echoes to occur.
A reasonable comparison between the results of Run2 from the Urban Phase I 
campaign and Run2 of the Phase II campaign may be made, as both measurements 
were taken in the same area and approximately the same elevation angle. However, 
despite the L-Band antennas at the receiver being different, whereas, the same antenna 
was used for the S-Band measurements, the mean levels for Average Delay and RMS 
Delay Spread were found to be reasonably consistent as shown by Table 6.5-3.
Table 6.5-3 Comparison of Phase I and Phase II Results a t 80° Elevation
W ideband P aram eter Frequency Run2 Phase Run2 Phase II
Band I
Average Delay L-Band 108 111
Average Delay S-Band 110 114
RMS Delay Spread L-Band 43 42
RMS Delay Spread S-Band 47 71
The overall results from Phase II were found to be similar to the results for the Phase I 
measurements taken in the same area. This implies that the results are measurement 
method independent. Similar results have been reported in previous campaigns [6-
1,6-7], that adopted a circular and patterned measurement strategy and using an 
aeroplane and helicopter respectively. This again would indicate that the results are 
measurement method independent.
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6.6 Carrier to Multipath Analysis
The objective of this analysis was to statistically characterise the carrier-to-multipath 
behavior from the measurements. The C/M ratio from each of the average delay 
profiles was determined. Examples of the variation of carrier to multipath ratio (C/M) 
with respect to elevation angle in Urban and Suburban environments at L and S bands 
are shown in Fig. 6.6-1. The C/M was extracted by first averaging the amplitudes of 
the correlation profiles over several samples, (i.e. every 20 profiles), to derive the 
average power-delay profile. The carrier level, C, is defined as the level of the 
strongest detected peak, which is essentially always found to be the first-arriving one. 
The remaining energy in the power-delay profile is assumed to be the multipath 
contribution, M. The resulting (C/M) is actually relevant to Narrowband channel 
characterisation. The Wideband channel sounding offers a unique method of 
separating the inphase component of the carrier (Q  and the multipath (M) components 
in as much as they are resolvable in time.
The mean of the C/M has been examined and shown to be weakly dependent on the 
environment and frequency, and increases with elevation angle as would be expected 
from physical considerations. An overall value of around 15dB accords well with 
previous measurement campaigns [6-1]. The values of C/M Ratio shown in Fig.6.6-1 
were determined from each of the Average Delay Profiles.
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Plot of Mean C/M Ratio vs. Elevation Angle : L-Band
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Fig. 6.6-1 Mean C/M Ratio Variation with respect to Elevation Angle
at L and S-Band.
Typical time series representations of the variation in C/M ratio as the mobile passes 
through the environment are shown in Fig .6.6-2 and 6.6-3. at L and S-Band.
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Time Series Plot of C/M Ratio for Urban, Elev. Ang. 60 Deg at L-Band Time Series Plot of C/M Ratio for Urban, Elev. Ang. 60 Deg at S-Band
m 20
Time [Sec.]Time [Sec.]
Fig. 6.6-2 Time Series of C/M Ratio in an Urban Environment at L and S-Band.
Time Series Plot of C/M Ratio for Suburban, Elev. Ang. 60 Deg at L-Band Time Series Plot of C/M Ratio for Suburban, Elev. Ang. 60 Deg at S-Band
« 14
Time [Sec.]Time [Sec.]
Fig. 6.6-3 Time Series of C/M Ratio in an Suburban Environment at L and S-
Band.
The statistical behavior of C/M has been examined in more detail from the Time 
Series results shown in Fig.6.6-4, the extracted C/M varies with time for a mobile 
speed of 6 km/h. The C/M ratio varies rapidly as the mobile moves, arising from the 
varying contributions of both the C and M  components, has also been reported in [6- 
1]. The standard deviation of C/M is typically in the range 3-4dB. Further 
examination of the probability distributions from a larger data set shows that the 
distribution of C/M is consistent with a lognormal distribution as shown by Fig.6.6-4. 
The multiple data sets were combined by the normalising function (6.6.1) to obtain a 
variable which is as shown by Fig.6.6.4, to be Lognormal with zero mean and unit 
variance. y = (x- \i)/c (6.6.1)
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Fig. 6.6-4 Normalised Distributions of Combined C/M Ratio.
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6.6.1 Carrier and Multipath Component Distributions
The data was then used to extract parameters which can be used in several statistical 
models applicable to mobile satellite communication systems [6-2,6-3,6-4]. These 
models make use of three main probability functions: Rayleigh and Rician 
distributions for multipath effects and the lognormal distribution for shadowing and 
differ essentially in their methods of combining these distributions. Most previous 
comparisons with these models have been based on single-frequency narrowband 
data.
The carrier and multipath components C and M  have been extracted from the 
wideband data separately to determine the individual statistical distributions. The 
carrier in most cases has a Rician distribution with various ^-factors depending on the 
amount of shadowing in the particular environment and the geometry of the local 
scatterers with respect to elevation angle. The multipath in the carrier component is 
the unresolvable multipath due to the practical limitations of the sounder, where the 
minimum resolvable delay (Dm) in time is a function of the clock rate being 10 MHz, 
giving a Dm of 100ns. However, any echoes arriving with the same delay as the carrier 
could never be resolved. The majority of the multipath energy been shown to be 
contained in the first few echoes for the satellite propagation scenario.
However, it has been assumed, from narrowband data, that the distribution of the 
multipath echoes are Rayleigh distributed. From the wideband data, the" extracted 
multipath component for the near echoes have a more Rician distribution with small 
^-factors of around 2-5dB. The Rayleigh distribution in this context is taken as the 
special case of the Rician distribution where K = 0.
Typical examples of the Carrier and Multipath distributions are shown in Figs 6.6-5 
and 6 .6-8.
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Fig. 6.6-5 Carrier Distributions in an Urban Environment at 30° & 45° at L-Band
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Fig. 6.6-7 First Echo Distributions in an Urban Environment at 30° & 45°
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These distributions for the nearest multipath component implies that there is possibly 
one or two dominant components that come from nearby scatterers, (i.e. the nearest 
buildings around 30m distant), where the majority of the multipath energy is in the 
first echo after the direct path signal. Therefore there is a tendency for the 
distributions to fit a Rician distribution than a Rayleigh distribution. These 
distributions provide a more detailed behavior of the near echoes of the multipath 
signal when modelling the channel using a Tapped Delay Line model for channel 
simulation purposes.
Table 6.6-1 Distribution Parameters for Urban/Suburban Data.
Elevation
Angle
Carrier Mean 
Volts (dB)
Carrier Std. Dev. 
Volts (dB)
Multipath Mean 
Volts (dB)
Multipath Std. 
Dev. Volts 
(dB)
Urban 30° 0.2223 (-14.13) 0.1056 (4.52) 0.0795 (-32.90) 0.0259 (5.75)
Urban 45° 0.4511 (-7.32) 0.1105 (3.07) 0.1195 (-28.41) 0.0394 (5.23)
Urban 60° 0.5514 (-5.28) 0.0819 (1.46) 0.1337 (-27.20) 0.0449 (5.61)
Urban 70° 0.2886 (-12.1) 0.1419 (5.23) 0.1234 (-29.06) 0.0437 (5.58)
Urban 80° 0.4320 (-7.48) 0.0884 (1.80) 0.1181 (-28.27) 0.0384 (5.34)
Note : The multipath figures in brackets are Relative Power (dB) to the LOS signal.
6.7 Echo Amplitudes
The echo amplitudes have been determined from typical 60 second run in each 
environment. These were Normalised with respect to the Direct Path echo amplitude 
and separated into 100ns delay bins. The 20 profile averaged power delay profiles, (1 
second) were divided into 100ns delay bins. The power contribution of each bin was 
averaged over the complete run. These values are given in Tables 6.7-1 to 6.7-5.
Table 6.7-1 Echo Amplitudes for the Urban Environment at L & S-Bands
Urban L-Band Echo Amp. (dB)
Delay (ns) Elevation Angle 30° 45° 60° 70° 80°
100 (ns) -24 -18 -13 -15 -21
200 (ns) -30 -23 -16 -22 -25
300 (ns) -25 -22 -30 -30
400 (ns) -27 -30
500 (ns) -30 -30
Urban S-Band
100 (ns) -23 -17.5 -15 -16 -17.5
200 (ns) -24 -24 -23 -25
300 (ns) -21 -17 -30
400 (ns) -13 -26 -27
500 (ns) -27 -30
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Table 6.7-2 Echo Amplitudes for the Suburban Environment at L & S-Bands
Suburban L-Band Echo Amp. (dB)
Delay (ns) Elevation Angle 15° 30° 45° 60° 70°
©00
100 (ns) -14 -16 -15 -13 -11 -15
200 (ns) -21 -20
300 (ns) -28
400 (ns) -32
500 (ns)
Suburban S-Band
100 (ns) -15 -14. -14.5 -14 -10 -13.7
200 (ns) -22 -30 -22.5 -26
300 (ns) -30 -25 -30
400 (ns) -24
500 (ns) -29
Table 6.7-3 Echo Amplitudes for the Open/Highway Environment at L & S-Bands
Open/Highway L-Band Echo Amp. (dB)
Delay (ns) Elevation Angle E S illi l 30° 45° 60° 70°
to*:;o©
100 (ns) -17 -18 -17 -21 -21 -21
200 (ns) -26 -30 -30 -32
300 (ns) -32
Open/Highway S-Band
100 (ns) -12 -15 -17 -11 -14 -14
200 (ns) -30 -30 -30 -21
300 (ns) -30
Table 6.7-4 Echo Amplitudes for the Heavily Wooded Environment at L & S-Bands
Heavily Wooded L-Band Echo Amp. (dB)
Delay (ns) Elevation Angle 15° 30° 45° 60° 70°
©IPO.
100 (ns) -19 -17 -14 -8 -10 -14
200 (ns) -19 -14 -14 -17
300 (ns) -24 -19 -22 -25
400 (ns) -30 -25 -30 -30
500 (ns) -30
Heavily Wooded S-Band
100 (ns) -25 -22 -15 -10 -12 -15
200 (ns) -17 -25 -29 -29
Table 6.7-5 Echo Amplitudes for the Lightly Wooded Environment at L & S-Bands
Lightly Wooded L-Band Echo Amp. (dB)
Delay (ns) Elevation Angle T5°SE 30° 45° 60° 70° 80°
100 (ns) -10 -20 -17 -12 -14 -17
200 (ns) -25 -27 -30 -16 -21 -19
300 (ns) -24 -33
400 (ns) -30
Lightly Wooded S-Band
100 (ns) -19 -21 -15 -13 -16 -16
200 (ns) -32 -33
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As shown by the above Tables the echo amplitude vary quite considerably, however, 
in general they tend to decay rapidly exponentially with an increase in delay. It can 
be seen that the first echoes at around 100ns are normally in the range of 10-15dB 
below the direct path. The low level is attributed to the fact that Circularly Polarised 
antennas were used during the measurements. Normally, most of the single reflected 
multipath signals would have their polarisation reversed. Therefore, the initial 
reflected echoes suffer additional attenuation due to the cross-polarisation effect of 
the antennas. Whereas, in terrestrial wideband studies the power delay profiles tend 
to have a more sawtooth shape, as shown in [6-6], as normally vertical polarised 
antennas are used and the polarity of the single reflected signals are unchanged.
However, the above is only true if the angle of reflection is above the Brewster Angle, 
which for most of the elevation angles would be the case. When the elevation angle of 
the propagating wave is very high, (above 70°) the initial reflections from near by 
buildings may be below < the Brewster Angle. This would mean that there 
would not be any polarity reversal of the reflected wave and therefore a slightly larger 
multipath signal may be seen at the very high elevation angles. The results for 80° 
elevations in certain instances do show a slight increase in the Average Delay and 
RMS Delay Spread. This may be the reason to account for the increases in some of 
the environments at around 80°.
The Brewster Angle is given by:
tan(cp) = a/Ki/K2 (6.6.1 )
where, Ki is the Dielectric constant of the air, 80 and K2 is the Dielectric constant of 
the material or surface e2.
giving: tan(cp) = V(1/e2) (6 .6 .2)
The Dielectric constant and Brewster Angles are tabulated below for various surfaces 
[6-5].
Table 6.7-6 Dielectric Constant and Brewster Angles
Material or Surface Dielectric constant er Brewster Angle
Poor Ground (dry) 4-7 21°-26°
Average Ground 15 15°
Good Ground (wet) 25-30 11°
Water 81 6.3°
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Most of the commonly used building materials have a similar Dielectric constant to 
that of dry land. However, if the building is wet this will cause the Brewster angle to 
decease, this will have the effect of allowing shallower angles to be reflected from the 
surfaces before the polarisation is affected.
6.8 Doppler Spectra
Figures 6.8-1 to 6.8-4 show typical Doppler Spectra from the Urban measurements at 
elevation angles of 30°,45°, 60° and 80° for the direct path signal component and the 
first main echo component (ml). The theoretical Clarke’s model [6-5], is also 
overlayed on the graphs for comparison (dashed curve). The figures show for the 
direct path component the majority of the signal energy is concentrated around the 
low frequency end of the spectrum. This is consistent with the slow undulations 
observed in the direct path signal of the power delay profiles shown above Section 6.5 
and Chapter 2.
The Doppler spectrum of main multipath component (m l) in the figures shows that 
the energy of the multipath signal to be more evenly distributed or tend towards the 
higher frequency ends of the spectrum at the maximum Doppler frequency ( ± 8.6 
Hz). The frequency component at the +8.6Hz frequency shown in Fig.6.8-1/3 is due 
to the vehicle moving towards the AD Buildings, which was immediately in front of 
the measurement vehicle (see Campus Map and Urban area figures). Also it is 
observed that the spectra are asymmetrical, this is due to the scatterers not being 
randomly distributed as assumed in the theoretical model, whereas, the buildings 
lining the roads are more uniformly distributed.
The figures for the Direct path spectrum show the lower frequency contents shown by 
the slow undulating signal of Fig 6.5.22 and the profiles of the Input Delay Spread 
Function Zz(/,t) in Chapter 2. The Multipath spectrum are more consistent with 
Clarke’s model in that they are more uniformly distributed or have components 
towards the high frequencies.
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Doppler Spectrum of Direct Path Component : Urban U—Band El.30 Deg.
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Fig. 6.8-1 Doppler Spectra for Urban Environment at 30° Elevation
Doppler Spectrum of Direct Path Component : Urban L—Band El.-45 Deg.
Doppler Frequency [Hz]
Doppler Spectrum of First Echo Component : Urban l_—Band El. 45 Deg.
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Fig. 6.8-2 Doppler Spectra for Urban Environment at 45° Elevation
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Fig. 6.8-3 Doppler Spectra for Urban Environment at 60° Elevation
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Fig. 6.8-4 Doppler Spectra for Urban Environment at 80° Elevation
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6.9 Narrowband Statistics from Wideband data
Narrowband statistics in the form of level crossing rates (LCR) have been derived 
from the wideband data by recombining the individual carrier and multipath signals 
from each delay profile. This has been carried out on some of the wideband data for 
typical urban/suburban environments at L-Band over the range of elevation angles 
covered. The level crossing rate is defined as the average number of times per second 
the signal envelope fluctuations cross a specified level, R, in the positive direction. 
This can be expressed mathematically as [6-5].
Where, p(R,v) is the joint probability density function of R and the time derivative of 
the signal envelope (u).
Typical examples of the level crossing rates normalised to the RMS level in dB, 
derived from the wideband data are shown for elevation angles 30° to 80° in the 
Urban/Suburban environment at L-Band in Figs.6.8.1 to 6.8-2. The results show the 
normallised LCR at the higher elevations (60° and 80°), to peak at around or above 
OdB and have a spread from -lOdB tolOdB, indicating the strong presence of the 
direct path signal and low multipath content in the signal. This suggests that Rician 
distributed statistics would predominate at fade levels around and above the OdB. 
Whereas, at the lower elevation angle (30°), the spread is larger -25dB to 5dB 
indicating an increased level of multipath content in the signal, also the knee of the 
curve peaks at -5dB, implying that the channel statistics would be less Rician. At the 
45° elevation the signal level is quite high shown by the knee of the peaking at OdB 
and there seems that a second peak around -15dB is trying to appear, indicating a 
strong direct path as well as a multipath component to the signal.
o
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Fig. 6.9-1 Level Crossing Rates (LCR) for Elevation Angles of 30° and 45° in
D ata;;;
Theory •Theory
Data
Urban Environments at L-Band.
Normalised Level Crossing Rate File: Urb260L Normalised Level Crossing Rate File: Urb280L
m z
Theory
10
Level relative to RMS [dB] Level relative to RMS [dB]
Fig. 6.9-2 Level Crossing Rates (LCR) for Elevation Angles of 60° and 80° in
Urban Environments at L-Band.
Note: The theoretical curves assume a Rayleigh distributed channel. The higher 
elevation curves indicate a more Rician distributed channel.
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6.10 Comparison of Results Summary
In this section a comparison of results from this study with those that have been 
published from other wideband measurement campaigns applicable to mobile satellite 
communications. There is very little published results in the literature and those that 
have been tend to be fairly general and more of a statistical nature, therefore only a 
limited comparison can be made. As the published results have taken a variety of 
forms, the comparisons are fairly general but do provide an overall picture.
Table 6.10-1 Wideband Mobile Propagation Measurement Data.
Organisation Freq.
MHz
Environment
Category
Delay 
Spread (ns)
Coherence
Bandwidth
Bc(0.5)
Bc(0.9)
MHz
Motorola 1600 Urban <2000 79.5 KHz
CRL Japan 1500 Urban < 200 1.0 MHz
CNET 1470 Rural < 60 2.65 MHz >2.8
DLR 1800 Urban 500-2000 3 - 5  MHz
CSER UoS 1550 Urban 40 -125 (1.5us) >1.2 MHz
CSER UoS 1550 Suburban 35- 72  (1.5ns) >2.2 MHz
CSER UoS 1550 Open/Highway 33 - 67 (0.5ns) >2.3 MHz
CSER UoS 1550 Lightly Wooded 30 - 77 (1.6ns) >2.1 MHz
CSER UoS 1550 Heavily Wooded 35 - 80 (113ns) >2.0 MHz
CSER UoS 2325 Urban 33 - 71 (1.1ns) >2.2 MHz
CSER UoS 2325 Suburban 30 - 95 (1.1ns) >1.6 MHz
CSER UoS 2325 Open/Highway 33 - 55 (100ns) >2.9 MHz
CSER UoS 2325 Lightly Wooded 33 - 55 (0.6ns) >2.9 MHz
CSER UoS 2325 Heavily Wooded 35 - 85 (105ns) >1.9 MHz
Note the figures given for CSER UoS are the range of typical mean values, which are 
Elevation Angle dependent and the figures in brackets are the maximum recorded 
value. The figures for Coherence Bandwidth are typical worst case mean values.
From Table 6.10-1, the overall results from this study appear to be in general 
agreement with the results from the published literature. In particular results from the 
CNET measurement campaign carried out in a rural area of France are in accord with 
the L-Band Suburban/Wooded results from this study.
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The wide variation of the results of the DLR campaign take into account the far 
echoes detected and therefore should be compared with the figures in brackets. From 
[6-1], the near in echoes are normally within 600ns, the same as the findings of this 
study for both L and S-Bands. A Comparison between the published results from the 
DLR campaign [6-8] and the result for the maximum recorded RMS Delay Spread of 
this study, for the Urban, Suburban and Open/Highway environments are shown in 
Fig 6.10-1. The discrepancies in each environment is mainly due to the different 
distances involved in the measurement methodology, but in general are in good 
agreement especially for the Suburban environment.
Comparison of CSER and DLR RMS Delay Spread results vs Elevation Angle
5000
CSER Urban.....
CSER Suburban 
CSER Highway..
4500
4000 —  DLR Urban :
— -  DLR Suburban
— 'D L R  Highway3500
2500
2000
1500
1000
500
Elevation Angle [Deg.]
Fig 6.10-1 Comparison of RMS Delay Spread vs. Elevation Angle between
CSER and DLR Measurement Campaigns
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6.11 Conclusions
In this Chapter various aspects of the wideband channel applicable to mobile satellite 
systems have been illustrated. Where applicable a possible explanation as to the 
interpretation of some of the results has been given. The main findings from the 
measurement campaign are:
In general, there was little difference between the two frequency bands with respect to 
the wideband parameters investigated. The results for Average delay and RMS Delay 
Spread, at S-Band were slightly less overall, due to the thresholding effect and the 
additional Free Space loss suffered by the multipath echoes at the higher frequency as 
discussed earlier.
The results from the wideband channel measurements analysed, indicate that the 
satellite propagation channel is completely different to the terrestrial channel. The 
main reason for the difference is the dominance of the LOS signal. The particular 
environment and elevation angle have an effect on the Wideband Parameters. This is 
mainly due to the geometrical relationships of the various scatterers in the local 
vicinity within the environment and the elevation angle of the propagating signal.
The results show that the satellite channel has short multipath echo delays with the 
Average Delay less than 1 jisec and Delay Spread less than 0.25 usee, with power 
levels of 12 - 30dB below the LOS signal with in 0.5gsec. However, there were 
occasions when, for a short time, less than a second, far echoes with delays greater 
than 2 jisec were detected, but again their power levels were in the order of 25 - 30dB 
below the Direct Path signal.
The main reason for the low levels of multipath at elevation angles below 30° both in 
the Urban and Suburban categories, is mainly due to the received signal being 
shadowed by the surrounding buildings nearest to the measurement vehicle. Owing to 
the limited system dynamic range (30 dB), the multipath signals were hidden in the 
noise and not measured.
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However, at around 45° in elevation, the above conditions do not apply and the 
multipath signal now becomes more apparent. When the elevation angle is increased 
the true multipath signals are detected as more of the potential scatterers are 
illuminated in the near vicinity, subsequently, there is a slight peak in the Average 
Delay and Delay Spread at around 45° in elevation in most of the environments. At 
the higher elevation angles the geometry is such that the LOS signal tends to dominate 
and there is a reduction in the multipath signal.
Occasionally in the Urban/Suburban environments there was a slight increase in 
Average Delay and Delay Spread at 80°, due to the geometry and heights of the 
surrounding buildings with respect to the measurement vehicle, such that more 
scattered energy was detected by the measurement system from multiple reflections 
from the nearby buildings.
The frequency selectivity nature of the channel show wide fluctuations, but as 
expected was found to be worst in the Urban and Wooded environments. However, 
the Coherence Bandwidth was generally greater than 2.0 MHz at L-Band and 3.0 
MHz at S-Band in most of the environments.
It has been shown that the Carrier to Multipath Ratio (C/M) varies rapidly as the 
mobile travels through the particular environment. The statistical distribution of the 
C/M Ratio has been shown to have a Lognormal probability distribution for 
Urban/Suburban data at an elevation angle of 60°. The individual statistical 
distributions of the Carrier component have been shown to be Rician distributed at the 
higher elevation angles, with various ^-factors ranging from 30-75dB. The near 
multipath echo components have also been shown to be Rician distributed with small 
^-factors in the order of 2-5dB. Both of these components are dependent on the 
environment, elevation angle, azimuth angle and geometry of the local scatterers.
Narrowband statistics have also be derived from the wideband measurement data in 
the form of Level Crossing Rates and imply that the channel at the higher elevations 
to have a more Rician distributed process.
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7.0 PROPAGATION CHANNEL MODELLING
This chapter is divided into two parts, the first few sections detail the Narrowband 
channel modelling work undertaken to enhance and extend some of the Narrowband 
propagation models. This work was carried out during the proposal stage of the 
wideband propagation campaign. An extension to the range of application of the 
shadow factor of the Lutz statistical model [7-1], using the high elevation data from 
the Narrowband campaign of [7-8], has been developed for the suburban and Wooded 
environments. An empirical Narrowband model has been developed for L and S- 
bands combining the low elevation results reported in [7-2] and the high elevation 
results reported in [7-6,7-8]. The model is compared with the other proposed models 
in the final sections to the first half of the Chapter.
The second part introduces the wideband channel models that have been used for 
satellite system design due to the lack of any suitable wideband data. A recent 
wideband channel model derived from a measurement campaign carried out by the 
German Aerospace Research Establishment Institute for Communications Technology 
(DLR) at L-Band is discussed [7-18]. This is followed by details of the wideband 
channel model proposed from the work undertaken during this study. The model is 
compared with results from the DLR measurement campaign for validation purposes.
7.1 Narrowband Channel Models
From the Narrowband propagation measurement studies carried out around the world 
a number of channel models have been proposed as discussed in Chapter 3. Some of 
these models have been empirically developed from the cumulative distributions of 
the measurements, [7-2,7-6,7-8], whereas, other models have been statistically 
derived, from assumptions made as to the statistical distributions of the channel, the 
coefficients of which fit the measured data [7-1,7-3,7-4]. The Narrowband modelling 
work has been carried out in this study used the results from the high elevation angle 
propagation measurement campaign of [7-8]. The Narrowband channel modelling is 
divided into two sub-sections; firstly, statistical model enhancement and secondly the 
development of an empirical model covering a wider range of elevation angles. The 
following sections discuss this work in detail and conclusions are made.
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7.1.1 Statistical Model Enhancement
The statistical model proposed by E. Lutz, et al., [7-1], combined with high elevation 
measured data from the Narrowband propagation campaign detailed in [3.2.2], was 
used to determine the shadow factor and statistical coefficients for high elevation 
angle propagation in the Suburban and Wooded environmental categories.
The Lutz Model.
This model was derived from the measurements taken via the MARECS satellite at six 
different locations in Europe as part of the ESA - PROSAT study. The locations 
chosen for the measurements were such as to give a reasonably wide range of 
elevation angles and environmental categories, the measurements were taken at 
around 1500 MHz (L-band).
The six locations were as follows
Location Elevation Angle
Stockholm 13°
Copenhagen 18°
Hamburg 21°
Munich 24°
Barcelona 34°
Cadiz 43°
The model has two states :
The Unshadowed State : Where there is a clear line-of-sight (LOS) signal path 
between the transmitter and receiver. The envelope statistics in the Unshadowed state 
is assumed to obey a Rician Probability Distribution, given by
Pmce (S) = c.e;<p[-c.(S+l)] .Io(2cVS) (7.1)
Where, S is the momentary received power
c is the Direct-to-Multipath signal power ratio 
lo is the Modified Bessel function of order zero
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The Shadowed State: Where there is no line-of-sight signal path between the
transmitter and receiver. The envelope statistics in the Shadowed state are assumed to 
obey a Rayleigh Probability Distribution for the multipath fading given by:-
P Rayleigh (SISo) = (l/So).exp[- (S/So)] (7.2)
Where, So is the short-term mean received power
This being superimposed with a Log-Normal Probability Distribution assumed for the 
slow fading process given by :-
P ln (So) = (1.7326/So.c).e;tp[- (lOlog (So)-n)2/(2(f)] (7.3)
Where, ji is the mean power level (decrease) in dB
G is the standard deviation of the received power due to Shadowing 
G2 is the variance of the received power due to Shadowing
The overall probability density of the received power is obtained by combining the 
above probability distributions with an appropriate time-share Shadowing Factor (A), 
resulting in the probability density function for the received signal power to be given 
by :-
P  (S) = (1-A). PRice (S) + A.J P Rayleigh (SISo). P LN (So) d{So) (7.4) 
where the integral expression results from the Total Probability Theorem and R(S) is 
independent of vehicle speed.
Figure 7.1-1 show graphs of the Shadow Factor (A) against Elevation Angle (0 ) for 
the Suburban and Wooded categories respectively. The trend of the data shown by 
the curve in Figures 7.1-1, using the method of least squares fit is given by the 
expression :-
As = 0.9815-0.12199 - 5.0778 x 10"66 2 (7.5)
Where, As is the Shadow Factor for the Suburban category
and the trend for the Wooded environment is also shown by the curve in figure 7.1-1 
given by the expression :-
A„ = 0.179 + 0.019066 - 3.205 x 1O'60 3 (7.6)
Where, Aw is the Shadow Factor for the Wooded category
223
Chavter 7 Propagation Channel Modelling
Table 7.1 Comparison of the Statistical Coefficients using the Lutz Model
with High Elevation Angle Propagation Results.
Elevation
Angle
Environ.
Category
Shadow 
Factor (A) 10Iog(c) Mean (p)
Standard 
Dev. (g)
13° City 0.89 3.9 -11.5 2.0
18° City 0.80 6.4 -11.8 4.0
21° City 0.57 10.60 -12.3 5.0
24° City 0.66 6.0 -10.8 2.8
34° City 0.58 6.0 -10.6 2.6
43° City 0.54 5.5 -13.6 3.8
60° Suburban 0.224 13.23 -6.1 2.8
70° Suburban 0.03 14.68 -6.1 2.2
80° Suburban 0.007 17.70 -6.4 3.2
13° Highway 0.24 10.20 -8.9 5.1
24° Highway 0.25 11.90 -7.1 6.0
34° Highway 0.008 11.70 -8.8 3.8
43° Highway 0.002 14.80 - 12.0 2.9
24° Wooded 0.59 9.9 -9.3 2.8
24° Wooded 0.54 10.7 -5.3 1.3
60° Wooded 0.655 10.58 -6.3 2.5
70° Wooded 0.378 13.95 -6.9 5.1
80° Wooded 0.077 10.84 -5.1 3.1
Where:- c is the direct-to-multipath signal power ratio in dB
ji is the mean power level decrease in dB
G is the standard deviation of the power level due to shadowing in dB 
Note High Elevation Angle data from [7-8] in Bold Type
Low Elevation Angle data from [7-1]
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Shadow Factor vs Elevation Angle
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x " ■ City/Suburban"Measured Data 
—  Tree Shadowed
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20
Figure 7.1-1 Shadow Factor (A) against Elevation Angle (0 ) for the Suburban
and Wooded categories
7.1.2 Results and Discussion
The method adopted to obtain the statistical coefficients for the Log-Normal 
distribution of the slow fading characteristic was to smooth the normalised data in the 
manner described by Lee, in [7-5]. i  A value of 401 was chosen to adequately smooth 
the data and remove the fast fading (Rayleigh) characteristic. The results from this 
work are tabulated in Table [7-1]. The Highway category has been included in the 
table to show that as the elevation angle increases in the Suburban category, the 
statistics of the signal are similar, especially with respect to the Shadow Factor. The 
statistical results for the Tree Shadowed environment indicate that the majority of the 
shadowing is between 30° to 60° and then decreases as the elevation angle increases. 
In other words there is a greater loss through the canopy of the trees, at lower 
elevation angles the propagating signal passes underneath the canopy and the 
attenuation is reduced. At high elevation angles the signal passes over the tree canopy 
and is again less attenuated. However, variations in the shadowing with respect to
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elevation angle also will occur depending on the type and height of the trees. Similar 
observations have been reported in [7-2] when the signal propagates orthogonally 
through a line of roadside trees.
7.1.3 Combined Empirical Fading Model
A review of the results from the numerous Narrowband propagation studies given in 
[7-2], from which the Empirical Roadside Shadowing Model (ERS) has been 
developed for elevation angles from 20° to 60°. Further higher elevation angle results 
as mentioned in Chapter 3, have been reported. Using this data and combined with 
the ERS model a new and more general empirical model has been developed for L and 
S bands covering elevation angles from 20° to 80° and in turn updating the CCIR 
model in [7-9]. The model is termed the Combined Empirical Fading Model (CEFM), 
is given by the expression :-
M  (p,Q ) = A (6 ).LnO) + B (6 ) (7.7)
Where, M  is the fade margin for a specified link outage probability (p)
p  is the percentage outage probability in the range 1% to 20%
The coefficients : A  = 0.0020 2 - 0.150 - 0.7 - 0.2/ (7.8)
B = 27.2 - 0.330 + 1.5/ (7.9)
and /  is an L or S-Band frequency in GHz
The model has been verified by the results in [7-2] and the high elevation angle 
propagation campaigns of [7-6,7-8]. Figures 7.1.3-1 and 7.1.3-2 show comparisons of 
the CEFM and the measured data from [7-2,7-6,7-8]. Figures 7.1.3-3 and 7.1.3-4 
show comparisons of the CEFM and the CCIR model with measured data from the 
propagation campaigns cited in Chapter 3, for L and S bands.
A review of the various empirical models is given in the following sections and 
comparisons of each model made along with measured data where possible. In 
Chapter 3, the various empirical models were introduced and plotted. In the following, 
only comparative plots are made.
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CEFM Model for 1%  and 10%  Fade Exceedance at L-Band 
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........ CÉFM.............
o 1 % Data
.....................c .........
• • C/bhM............
x 10% Data
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CEFM Model for 1%  and 10%  Fade Exceedance at S-Band
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Fig 7.1.3-1 The Combined Empirical Fading Model at L- and S-Band 
for 1 % and 10 % Fade Exceedance
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1 .1 3 .1  CCIR Model.
This is a modified version of the empirical model developed by Hess from 
measurements he made via the ATS-6 satellite during 1980 in or near nine cities of 
the Western and Mid-western parts of the USA.
The model for the Suburban/Rural environmental categories is given by [7-9]:- 
M  = 12.5 + 0.17/- 0.176 + K{6A - 1.19/- 0.0580 ) (7.10)
Where :-
M  - is the Link Margin (dB), / - i s  the Frequency (GHz)
0 - is the Elevation Angle (Deg.)
K - i s  the percentage of locations which the link is better than a specified level. 
Æ -Values :- K(50%) = 0 tf(90%) = 1.3
K(95%) = 1.65^(99%) = 2.35
Comparison of CEFM and CCIR Models for 1% and 10% Fade Exceedance at L-Band
CEFM 1%  CEFM: 10%
—  CCIR 10%
* . . .  Data .1:0%..
 CEFM:1%
 CCIR i%
o Data 1%
TJ
Elevation Angle [Deg.]
Fig 7.1.3-3 Comparison of CCIR and CEFM at L-Band
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Comparison of CEFM and CCIR Models for 1% and 10% Fade Exceedance at S-Band
30
 CEFM 10%
-  -  CCIR 10% 
*  Ddfà 10%
 CEFM 1%
 COIR 1%
o Data 1%
25
OEFM 1%
c
LU
8050
Elevation Angle [Deg.]
60 70403020
Fig 7.1.3-4 Comparison of CCIR and CEFM at S-Band
7.1.3.2 Empirical Roadside Shadowing Model, (ERS).
This model has been developed from the L-band Cumulative Fade Distributions of 
helicopter - mobile and satellite - mobile measurements taken in and around central 
Maryland, USA, by Vogel and Goldhirsh [7-2]. The measurements were obtained 
over 600 Km of driving distance covering path elevation angles of 21° ,30° ,45° and 
60°. The ERS Model is given by :-
A(p,6 ) = -M(0 ).Ln(p) + V(0 ) (7.11)
Where, A  is the fade in dB, p is the percentage of the distance travelled over which 
the fade is exceeded and 0 is the path elevation angle to the satellite. With the 
vehicle travelling at constant speed p is also the percentage of the time the fade 
exceeds the abscissa value.
M (0) = a + b0 + c 0 2, (7.12)
2V(0 ) = d0 + e  (7.13)
and a = 3.44 b = 0.0975 c = - 0.002 d = - 0.443 e = 34.76
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Empirical Roadside Shadowing Model at 1.5 GHz
’ ERS 1%
f -  ERS10% 
ERS 20%, 
jo Data 1 %
;* Data 10%
25
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6015 40
Elevation Angle [deg]
45302520
Fig 7.1.3-5 ERS Model: Fade Exceedance vs. Elevation Angle at L-Band
Empirical Roadside Shadowing Model at 1.5 GHz
CO
Elev Ang. Curves -  20:60 deg.
3 0,5 0  \ 4 060'
en
10
3 020 25-5
Fade [dB]
Fig 7.1.3-6 ERS Model vs. Percentage of Fades > abscissa vs. Fade Level (dB)
at L-Band
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7.1.3.3 Modified Empirical Roadside Shadowing Model, (MERS).
This is a similar fading model to the above, which merges the high elevation angle 
measurements from the various propagation campaigns sponsored by ESA with the 
ERS model, [7-10]. The Modified ERS model, (MERS) covers elevation angles from 
20 to 80 and Percentage Optical Shadowing from 35% to 85%. However, like the 
ERS model does not have frequency as an independent variable and therefore relies on 
scaling to obtain results in other frequency bands.
The model obtained by curve fitting the measured cumulative fade distributions is 
given by
F (Pr, 6 ) = -A(6 ).Ln(/V ) + B ( 6 ) (7.14)
Where, Pr is the percentage of the distance (and time, with the vehicle at a constant 
speed) over which the fade is exceeded and 0 is the path elevation angle.
and A(0 ) = ai0 2 + a20 + as (7.15)
B(0 ) = bi0 2 + b20 +b3 (7.16)
with a% = 1.117x10-4, a2 = -0.0701, a3 = 6.1304
bi = 0.0032 b2 = -0.6612, b3 = 37.8581
Comparisons between the CEFM and MERS models with measured data from the 
propagation campaigns cited in Chapter 3, are shown in Figs. 7.1.3-5 and 7.1.3-6, for 
L and S-Band, as can be seen the two models compare very favourably with each 
other.
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Comparison of CEFM and MERS Models for 1% Fade Exceedance at L-Band
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CEFM
MERS 
1 % Data
8050
Elevation Angle [Deg.]
60 70403020
Comparison of CEFM and MERS Models for 10% Fade Exceedance at L-Band
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Fig 7.1.3-7 Comparison of CEFM and MERS models at L-Band
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Comparison of CEFM and MERS Models for 1% Fade Exceedance at S-Band
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Fig 7.1.3-8 Comparison of CEFM and MERS at S-Band
233
Chapter 7 Propagation Channel Modellins
7.1.4 Narrowband Modelling Conclusions
The statistical analysis of the higher angle propagation measurements enhances the 
results obtained in [7-1] for the lower elevation angles. As expected the Shadow 
Factor reduces as the elevation angle increases in all the categories considered except 
wooded. In the wooded case, the hight of the tree canopy in relation to the elevation 
angle of the propagating signal determines the amount of attenuation through a single 
tree. In the Suburban category as the elevation angle increases above 60° the statistical 
behaviour of the signal becomes similar to that of the Highway category. The results 
show that in order to have an availability due to shadowing greater than 75% the 
satellite elevation angle should be greater than 60° in the Suburban category.
A new and more general empirical fading model has been developed by combining 
the high elevation angle results from the University of Bradford and those from the 
CSER propagation campaigns, with the results and model given in the NASA 
reference publication 1274 [7-2]. The Combined Empirical Fading Model was 
submitted to the ITU-R as an update for the existing CCIR model. However, the ERS 
model was chosen as the ITU-R recommendation, with the high elevation modelling 
work being recognised as extending the elevation angle range of the ERS model. 
The CEFM and MERS models have been compared with each other and show good 
agreement. The main advantage of the CEFM model over the MERS model is that it 
has frequency as an independent variable and therefore the need for a scaling factor is 
not required.
7.2 Wideband Channel Models
The simplest and most convenient way to model the wideband channel is to represent 
the channel as a Tapped Delay Line as illustrated by Fig. 7.2-1, where the input is first 
delayed and then mixed by the gains/attenuations of the individual scatterers. This 
model is termed as generative in that it is able to generate impulse responses and gives 
an insight to the Input Delay-Spread function and has been used in computer and 
hardware simulations [7-12].
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The model has a physical basis since it assumes discrete scatterers for the transmitted 
waveform. The scatterers being located in a variety of different distances from the 
receiver and that the scattered rays arrive with a delay t  determined by the distance d 
= ex with respect to the arrival time of the direct path. The impulse response of the 
received signal is a superposition of the scattered impulses. It is assumed that the 
signal is composed of Dirac pulses and the actual received echoes are shaped by the 
receiver filters.
The complex impulse response of the satellite wideband channel may be expressed as 
the sum of i = \..N  echoes E,(f) having delays Ti(f), where : Ti(0 = %\(t) + ÀTi(f), 
i = 2 ...N.
&(T,0  =  Z E ,(f) . 8(T-Ti(f))
The amplitude of each echo is complex given by :
Ei(t) = a it) . e
(7.17)
(7.18)
Where the statistics of the amplitudes a,{t) and tyit) are determined from 
measurements.
z(t)
A(t,0)
-i-------► At At ----------  At
x )  — d
h ( t , A x )
%__________________
i )  - 4
h  (t,2Ax)
'-------------------------!
< )  - 4
r  /f(t,nAT) J  
t____________________: i
w(t)
Summing Bus
Figure 7.2-1 The Main Elements of a Tapped Delay Line Model
7.2.1 RACE CODIT Models
Terrestrial wideband models developed from the CODIT research work programme 
[7-11] that have been used for simulation purposes. The models are valid in the 2 GHz 
band for a signal bandwidth up to 7 Hz in macrocells and 100 MHz in micro- and 
picocells. The number of taps in the model is dependent on the environment up to a 
maximum of 20. Each component is specified by their mean values and the 
probability distribution of their deterministic and random characterising parameters
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respectively. The various values of the weighting functions for the taps are given in 
Table 7.2.1-1.
Table 7.2.1-1. Model Parameter Values
Environment ^normalise 
= 1
Mli OCi Tbi |is A, qa qb ns AT,
Urban Sc=20
1-20 [1/2,3/2] 1 [0,71] [0,2|i] [0,0.9] [500,1000] [0,200ns]
Suburban 
Sc —6
1 1 15 [0,7C] 0 [0,0.7] [1000,2000] 0
2-6 [0.1,0.4] [1,5] [0,71] [0.1,1] [0.1,1] [500,1000] [0,400ns]
Rural Sc=l
1 1 25 [0,7T] 0 [0,0.5] [1000,2000] 0
Suburban 
Hilly Sc=20
1 1 15 [0,7C] 0 [0,0.7] [1000,2000] 0
2-6 [0.1,0.4] [1,5] [0,71] [0.1,1] [0.1,1] [500,1000] [0,400ns]
7-20 [0,0.1] 1 Note Note 0 N.A. 0
Rural 
Hilly Sc=20
1 1 25 [0,71] [0,0.5] [1000,2000] 0
2-20 [0,0.1] 1 Note Note 0 N.A. 0
Note:- Those scatterers from a cluster. The minimum delay will be sorted within 
[15jLts,60ps] and the spread will be lOps. Power is 0.1 and the arrival angle 
will be the same for all scatterers, sorted in [0,7t]
Where the parameters are defined as:
Sc - The number of Scatterers.
^normalise - Normalised mean scatterer power of Q j.
m; - Nakagami-m distribution factor m, (environment dependent).
(Xj - Angle of arrival of the wave generated in the i th scatterer.
Tbi
The Attenuation function «,(0 is given by:
{
1 +  A ;.cos2tc
v.t V*
V
(7.19)
The Delay variation function r,(?) is given by:
(
r , ( 0  -  Thi + AT) 1 +  cos2tc
^■Qbi
(7.20)
vy
The values of A, and qai , AT, and qb are environment and scatterer dependent
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7.2.2 RACE ATDMA Models
A mathematical approach has been developed for building a stochastic model within 
the framework of the RACE II Project ATDMA that may be applied to macrocellular, 
microcellular, indoor environments (picocellular) and penetration [7-15,7-16].
The number of taps in the model is set to six regardless of the environment. The taps 
are at different non-equidistant locations with fixed delays depending on the 
environment being applied. The short term weighting processes are characterised by 
their mean power, the power ratio of the diffuse and coherent parts, the Doppler 
spectrum of the diffuse part and the Doppler shift of the coherent part. These 
parameters have been derived via the method defined in [7-15,7,16] from the 
normalised channel response by suppressing the long term fluctuations in the 
reference stored channel response.
Normally, a measured set of consecutive impulse responses does not in general 
represent a stationary process, due to the effects of shadowing and distance dependent 
attenuation. These long-term fluctuations are separated in the model by a 
normalisation procedure as described by Lee, [7-5,7-17]. The time fluctuations for 
the correlated log-normal distributed long-term fading are introduced at the input of 
the model by mixing in a frequency independent component. The structure of the 
ATDMA Radio Channel Model is shown in Figure 7.2.2-1.
Z(t)
ÀT0
l(t)d(t)
w(t)
DSnDS2DSi
An
Summing Bus
Figure 7.2.2-1 ATDMA Radio Channel Model
Where, Go,Gi,G2 ..Gn are the Tap Gains
and DSq, DSi, DS2... DSn are the Doppler Spectra
and l(t)d(t) is the long-term fading and distance component.
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Owing to the lack of wideband data applicable to mobile satellite communications to 
date, system designers have had to make use of the existing terrestrial wideband 
database and models, extrapolating the data to be suitable for satellite 
communications systems. The main drawback to this approach is the risk that the 
system may be over-engineered, due to the terrestrial multipath propagation 
characteristics which normally do not have a line-of-sight component. The terrestrial 
multipath propagation characteristics tend to exhibit longer excess delays than that 
experienced via satellite communications where there is normally a dominant line-of- 
sight component. In the light of this study and other recent wideband propagation 
measurement campaigns these terrestrial models are not applicable for modelling the 
satellite radio propagation channel for the reasons given above.
7.3 DLR Wideband Channel Model
The DLR wideband channel model has the form of a tap delay line the structure is 
similar to that shown above in Fig. 7.2-1. The model has been derived from a 
propagation measurement campaign implemented in summer of 1994. The 
measurements were carried out using an aeroplane to simulate a satellite transmission 
flying in circles around a static and mobile measurement vehicle. The channel 
sounding equipment used was the CSPE 1800 with a swept time-delay cross 
correlator. The sounder has a measurement bandwidth of 30 MHz with a sampling 
rate of 15 impulse profiles per second and a receiver dynamic range of 30 dB.
The parameters of the model have been derived from fits using Dirac-sequences 
gained from their measurements. The distribution of the echoes within the model is 
divided into three regions; the direct path, the near echoes and the far echoes.
1) The direct path a0\ the amplitude statistics of the direct path are modelled 
depending on the shadowing.
2) The near echoes Nn : These are echoes that have excess delays less than 600ns 
(At < 600ns (200m)). most of the echoes appear in this delay interval with an 
exponential decrease of the mean power.
S(t)= £ „ £ -w (7.21)
where V is defined as: V = (1/t) log(EM/E /) (7.22)
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3) The far echoes Nf  : These are echoes that have excess delays greater than 
600ns (At > 600ns (200m)). Only a few echoes with long delays were observed.
Direct PathPower in dB
Delay tT = 0
4---------------------------------M-------------------------------------------------- ►
Nn near echoes Nf far echoes
Figure 7.3-1 Three regions of the channel impulse response 
7.4 Satellite Channel Modelling and Emulation
The satellite-to-mobile (or equivalently, mobile-to-satellite) channel is comprised of 
two cascaded process, associated with the satellite-to-earth path the ‘satellite process’ 
and with the effects of mobile motion relative to terrestrial scatters the ‘terrestrial 
process’ as illustrated in Fig. 7.4-1. The channel parameters are described below: all 
of these would be set by an emulator controller and passed to the emulator, apart from 
the Rayleigh components rm(t) which would be automatically operated by the
channel emulator.
Satellite Terrestrial
process process
Fig. 7.4-1 A single satellite-to mobile channel
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The Satellite Process
The structure of the satellite process is shown in Fig. 7.4-2. The parameters are as 
follows:
T SG : Delay time associated with the satellite-to ground propagation path length.
Asg : Propagation path loss for the satellite-to-ground path, including free-space, 
antenna radiation pattern and all atmospheric absorption effects.
to s : Doppler shift associated with satellite motion relative to the ground in the mobile
vicinity. For frequencies in the L and S-bands this can range from 5- 10  KHz for a 
Medium Earth Orbit to around 30 - 60 KHz for Low Earth Orbit constellations 
depending on the orbital height.
Fig. 7,4-2 The Satellite Process
The Terrestrial Process
The structure of the terrestrial process is a time variant transversal filter as shown in 
Fig.7.4-3. Its parameters are:
: Excess delays beyond % SG associated with resolvable multipath 
propagation in the terrestrial environment associated with the mobile.
£i (0> £2 (O’"'£jv ( 0 : Time-variant tap gain process associated with the terrestrial 
environment.
The structure of the mth tap gain process is shown in Fig. 7.4-4. Its parameters are as 
follow:
Km : Rice factor. The ratio of the coherent and incoherent powers in the tap-gain 
process. Largest for the low-delay tap gain processes.
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to m : Doppler shift associated with mobile motion relative to the source of coherent 
power in the tap-gain process.
rm {t) : Rayleigh distributed random variable, representing the sum of all incoherent, 
irresolvable multipath power with the same delay. The rm has spectrum
S( f )  = 1 / -  ( /  / f d )2 and unit variance. (7.23)
f d = : Maximum Doppler shift associated with mobile motion relative to local
c
scatters.(Note: |com| <(0 ^).
Sm (t) : Shadowing value associated with mth tap gain process.
► AM
^(0-^g) g2(0_> ^
Fig. 7.4-3 The Terrestrial Process
n(t)
Fig. 7.4-4 The mth tap-gain process, gm (t)
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7.5 Proposed Wideband Channel Model
The proposed model developed from the wideband propagation measurement results 
detailed in the previous Chapter only addresses the Terrestrial Process of Satellite 
Channel Modelling as detailed in 7.4. Additionally, only the near in echo parameters 
are modelled from the measurements, as they will have a more dominant effect on any 
system. The model is based on the philosophy of the RACE ATDMA model and is 
applicable to five different propagation scenarios that may be used for simulation 
purposes:
Urban, Suburban, Open/Highway, Lightly Wooded and Heavily Wooded.
The model parameters are defined by:
The Number of discrete taps : six
The Relative tap delay: Equidistant every 100ns
The Mean, Minimum and Maximum Relative Tap-Gain.
The type of tap-gain process to be applied.
The parameters given in the following Tables apply to the near echoes (T„), where (Ty
< Tn < 600ns) and are derived from the averaged results for Average Delay and RMS 
Delay Spread for each environment at L and S-Band. The direct path and near echo 
distributions have been shown in Chapter 6. The time fluctuations for the correlated 
log-normal distributed long-term fading can be implemented in a similar method as in 
the ATDMA model, by mixing in a frequency independent component at the input, as 
described in [7-16,7-21].
The/tir echoes (T/): These are echoes that have excess delays greater than 600ns
(AT > 600ns (200m)). Only a few echoes with long delays were observed. The echo 
amplitudes have low relative powers and may be modelled with a Rayleigh 
distribution, with the delays AT (600ns < Ty < Tmax) uniformly distributed [7-19]. 
These can be modelled by introducing additional tap(s) at delays AT (600ns < T/ < 
Tmax)-
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Table 7.5-1 Model Tables of Wideband Parameters L-Band
Env. Parameter 15° 30° 45° 60° 70° 80°
Urban Mean D (ns) 85 135 150 132 130 120
Mean S (ns) 35 35 75 60 48 40
Tot. Del (ns) 500 500 500 300 300 300
C/M (dB) 8 18 17.5 17.5 17.5 24
Suburban Mean D (ns) 85 90 150 120 115 113
Mean S (ns) 35 40 55 40 39 38
Tot. Del (ns) 400 400 400 400 300 300
C/M (dB) 8 12.5 17.6 17.6 17.6 18
Open/ Mean D (ns) 110 120 115 110 115 120
Highway Mean S (ns) 33 35 50 35 35 35
Tot. Del (ns) 400 400 400 400 400 400
C/M (dB) 16 20 22 23 22 26
Lightly Mean D (ns) 90 110 122 125 120 120
Wooded Mean S (ns) 35 42 50 55 41 39
Tot. Del (ns) 400 400 400 400 400 400
C/M (dB) 3 4 16 14 16 18
Heavily Mean D (ns) 105 167 130 155 139 130
Wooded Mean S (ns) 32 61 52 62 62 54
Tot. Del (ns) 400 400 400 400 400 400
C/M (dB) 14 5 12.5 11 10 14
Table 7.5.2 Tap Delay Line Model Parameters for the Urban Environment for
Elevation Angles > 45°
Tap No. Tap Delay pdf K Min. Rel. 
Amp. (dB)
Max. Rel. 
Amp. (dB)
Mean Rel. 
Amp. (dB)
1 0 Rice 1 0 -2 0 0
2 100 Rice 2-5 -14 -17 -15
3 200 Rayleigh -25 -30 -27
4 300 Rayleigh -28 -32 -30
5 400 Rayleigh
6 500 Rayleigh
Table 7.5.3 Tap Delay Line Model Parameters for the Urban Environment for
Elevation Angles <45°
Tap No. Tap
Delay
pdf K Min. Rel. 
Amp.(dB)
Max. Rel. 
Amp. (dB)
Mean Rel. 
Amp. (dB)
1 0 Rice 30-80 0
2 100 Rice 2-5 -11 -21 -15
3 200 Rayleigh -16 -25 -20
4 300 Rayleigh -22 -30 -26
5 400 Rayleigh -25 -32 -28
6 500 Rayleigh -27 -33 -30
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Table 7.5-4 Distribution Parameters for Urban Data Run 2
Elevation
Angle
Carrier Mean 
Volts (dB)
Carrier 
Std. Deviation 
Volts (dB)
Multipath Mean 
Volts (dB)
Multipath 
Std. Deviation 
Volts (dB)
Urban 30° 0.2223 (-14.13) 0.1056 (4.52) 0.0795 (-32.90) 0.0259 (5.75)
Urban 45° 0.4511 (-7.32) 0.1105 (3.07) 0.1195 (-28.41) 0.0394 (5.23)
Urban 60° 0.5514 (-5.28) 0.0819 (1.46) 0.1337 (-27.20) 0.0449 (5.61)
Urban 70° 0.2886 (-12.1) 0.1419 (5.23) 0.1234 (-29.06) 0.0437 (5.58)
Urban 80° 0.4320 (-7.48) 0.0884 (1.80) 0.1181 (-28.27) 0.0384 (5.34)
7.5.1 Doppler Spectra
Typical Doppler Spectra from the measurements can be used in the model or the 
classical Doppler Spectra from Clarke (recommended to be used for any delay as a 
worst case) or Aulin’s model which accounts for signals being received from a certain 
elevation and therefore has a vertical component. The typical Doppler spectra 
obtained from the measurements in an Urban/Suburban environment averaged over 
the complete 100m data section concerned are shown in Chapter 6 . In order to 
implement the Doppler spectra in to the model, only their shape is required to 
generate a channel representation with similar statistical and Doppler behaviour to the 
measured channel. These Doppler spectra can be generated using a suitable filter and 
two uncorrelated Gaussian noise like processes with zero mean and a two-sided noise 
power density N0=l of nc and n, [7-16].
Where, nc(r) + jni(f)
(7.24)
In order to validate the model, representative examples of tap amplitudes from the 
DLR measurement campaign [7-19] and a typical example from this study for the 
Urban environment at 45° elevation is compared with the model and shown in Figure 
7.5.1-1, along with the Average Delay and RMS Delay Spread calculated for each 
case.
Figure 7.5.1-2, show the Doppler Spectra and Figure 7.5.1-3, show the Direct Path 
and Near Echo distributions from the measurements for the Urban environment at L- 
Band for an elevation angle 45°, that may be used in the model.
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Doppler Spectrum of Direct Rath Component : Urban L_—Band El.45 Deg.O
5
5
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Doppler Frequency [Hz]
Doppler Spectrum of First Echo Component : Urban I——Band El. 45 Deg.O
5
1
Doppler Frequency [Hz]
Fig. 7.5.1-2 Doppler Spectra for an Urban Environment at 45° Elevation
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Fig. 7.5.1-3 Carrier and Near Echo Distributions for an Urban Area at 45°
Elevation
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Tap Amplitudes vs delay, Urban El. 45 deg.
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Fig. 7.5.1-1 Tap Amplitudes for an Urban Environment at 45° Elevation
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7.6 Conclusions
A wideband channel model has been proposed applicable to mobile satellite systems 
at L and S-Bands and is based on the philosophy as the RACE ATDMA model. The 
model is of the Tapped Delay type, comprising a transversal filter structure with 
equidistant time shifted taps. The model parameters have been derived from the 
measurement campaign, and defined by a small number of discrete taps, where each 
tap is described by its complex time-varying amplitude including its statistical 
distribution and corresponding Doppler spectrum.
The development of the wideband model has been described with a typical example of 
the tap amplitudes and statistical distributions from the measured data and the 
respective Doppler spectrum for the first tap (Direct Path) and the second tap (first 
Multipath echo) in the model for the Urban environment at 45° elevation angle. 
Additionally, the model has been validated against independent results published from 
the DLR measurement campaign.
z(t)__
l(t)d(t)
w(t)
Summing Bus
ATiÀT1
Go Rice Gi Rice Gi Rayleigh Gn Rayleigh
DSi DS,DSo
Figure 7.6-1 Proposed Tapped Delay Line Channel Model
Where there are six equidistant fixed delays (At) of 100ns 
and Go,Gi,G2 ..Gn are the Tap Gains and Distributions
and DS0, DSi, DS2... DSn are the Doppler Spectra for the particular tap element
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8.0 CONCLUSIONS AND FURTHER WORK
The overall conclusions of the various aspects of the wideband propagation channel 
measurement campaign applicable to mobile satellite systems are given. These are 
followed by the main findings from the analysis of the measurements. The 
implications of the wideband results on satellite communication systems is also given. 
Finally, some suggestions are given as to further work that can be carried out on the 
data.
8.1 Conclusions on the Measurement Campaign
A dual frequency band Wideband Channel Sounder has been designed and produced 
to specification under an ESA contract with additional features allowing more 
flexibility. The Sounder has been successfully implemented in an extensive 
measurement campaign covering a variety of environments over a wide range of 
elevation angles. During the campaign the Wideband Channel Sounder worked very 
reliably given the harsh environment that it was required to operate in, (on board a 
helicopter and in a vehicle). The data acquired in the measurement campaign makes a 
sizeable contribution to a Wideband Propagation Database and the development of a 
Wideband propagation channel model.
The Dual Wideband Channel Sounder was successfully demonstrated and handed 
over to the European Space Agency (ESA-ESTEC) at the contractual Final 
Presentation held in Noordwijk on 26th June 1995, to be installed into their land 
mobile measurement vehicle.
The main comments from the Measurement Campaign are given below, here two 
flight strategies were adopted for the measurement campaign:
The first, a parallel flight path strategy was adopted, where measurements were taken 
from a slow moving vehicle moving through the particular environment. This was 
chosen in order to characterise the wideband parameters within the environmental 
category at specific elevation angles, not to best simulate any particular satellite orbit. 
However, this strategy gives the worst case azimuth results for attenuation and 
shadowing.
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The second, where the receiver was static in an Urban environment and the helicopter 
flew in a hash (#) type flight pattern, which simulated near and overhead passes of a 
typical LEO/MEO satellite system. This flight strategy was adopted to provide data 
with respect to all azimuth angles over a wide range of elevation angles.
The main issues affecting the use of a helicopter as an alternative platform to simulate 
a satellite are:
The type of helicopter: to be employed, a small light helicopter may be sufficient for a 
Narrowband measurement campaign that is able to travel at reasonable ground speeds, 
but a larger helicopter is required for Wideband measurements if a time domain 
sounding techniques is used, where the helicopter is essentially hovering all the time.
The wind direction plays a significant role, as helicopters prefer to fly/hover into the 
wind, this has implications on the type of campaign and the repeatability of 
measurements at different elevations, (i.e. maintaining continuity of direction 
travelled for all measurement runs).
Flight restrictions for single engine helicopters can have implications on the lowest 
elevation angle that can safely be achieved. The maximum flight altitude has distance 
implications of the Transmitter and the receiver.
Visibility of the measurement vehicle from the helicopter at all elevation angles is 
recommended as a lot of time can be taken up with positioning the helicopter during 
the measurement runs if it goes off course.
Some further suggestions for carrying out future propagation measurement campaigns 
are:
The use of Differential GPS equipment can only be considered if the wideband 
measurement frequency is at least 200 MHz from the GPS receiver frequency of 1575 
MHz. Alternatively, if the L-Band frequency is centred on 1545 or 1555 MHz instead 
of 1550 MHz, this will cause the second/third null in the transmit waveform to be at
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1575 MHz. This approach may overcome the interference to the GPS receiver caused 
by the L-band transmitter of the wideband sounder. However, this could not be 
adopted for the measurements during this study due to the bandwidth required in that 
part of the spectrum and the allocated L-Band frequencies were the only ones 
available without causing any interference. In Narrowband Campaigns the GPS 
equipment will work successfully with a 50 MHz frequency separation. However, the 
transmitter signal power should not be any greater than a few hundred milliwatts.
It has been shown that using a channel sounder employing the STDCC method is 
inherently slow at acquiring the data, which in turn reduces the vehicle speed. For 
measurements at more realistic vehicle speeds, a different sounding technique should 
be considered, such as the swept frequency or Chirp Method, which acquires the data 
in the frequency domain. The time domain results can be obtained indirectly via 
suitable Fast Fourier Transform signal processing techniques.
8.2 Conclusions on the Analysed Results
An experiment aimed at characterising the satellite propagation channel with respect 
to the Wideband parameters, (Average Delay, RMS Delay Spread and C/M Ratio) at 
L- and S-Bands has been described. In general, there was little difference between the 
two frequency bands with respect to the wideband parameters investigated. The S- 
Band results overall were slightly less, due to the thresholding effect and the 
additional Free Space loss suffered by the multipath echoes at the higher frequency. 
The results obtained from the wideband measurements analysis, indicate that the 
satellite propagation channel is dominated by the normally present direct path signal 
and is therefore completely different to the terrestrial channel.
The Phase II measurements of Average Delay and RMS Delay Spread were in general 
agreement with those measured in Phase I, the Urban environment. The results also 
indicated the Azimuth Angle dependency on the Wideband parameters. It can be 
concluded that in any particular environment, both the Elevation and Azimuth angles 
have an effect on the Wideband parameters.
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The general trend for the results of Average Delay and RMS Delay Spread as a 
function of elevation angle in most environments, there is a characteristic peak around 
45° in elevation then as the elevation angle increases the Average Delay and RMS 
Delay Spread decrease to the levels found in the Open/Highway environment. At 
around 80° in all environments the levels of Average Delay and RMS Delay Spread 
tend to converge to the same level (i.e. around 110ns and 40ns respectively).
At the lower elevations (15° to 30°), the multipath could either not be measured due 
to the dynamic range of the system or the geometry was such that the multipath was 
small. This was case in the Urban results, where their was normally a clear direct path 
signal in the Urban measurements due to the measurement strategy, whereas, the 
direct path was clearly shadowed in the low elevation angle measurements.
These effects are consistent with the geometrical relationships of the various scatterers 
in the local vicinity within the environment and the elevation angle of the propagating 
signal.
The results show that the satellite channel is characterised by short multipath echo 
delays with an Average Delay less than 1 jisec and RMS Delay Spread less than 0.25 
jisec. The overall Excess Delay is typically less than 600ns in all environments and 
elevation angles. The echo power levels were typically 10 - 20 dB below the direct 
path signal and decay exponentially with increasing delay. However, there were 
occasions when, the geometry was such that far echoes with delays greater 2 jisec 
were detected, their power levels were normally 25 - 30dB below the direct path 
signal and they had a very short lifetime (< 1 second).
It has been shown that the Carrier to Multipath Ratio {C/M) varies rapidly as the 
mobile travels through the particular environment. The statistical distribution of the 
C/M Ratio has been shown to have a Lognormal probability distribution for 
Urban/Suburban data at an elevation angle of 60°. The individual statistical 
distributions of the Carrier component have been shown to be Rician distributed at the 
higher elevation angles, with various ^-factors ranging from 30-75dB. The near 
multipath echo components have also been shown to be Rician distributed with small 
^-factors in the order of 2-5dB.
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This is probably due the near echo being mainly due to a single scatterer, (i.e. the 
nearest building around 30m distant). However, both of these components are 
dependent on the environment, elevation angle, azimuth angle and geometry of the 
local scatterers.
The results of the mean C/M Ratio against Elevation Angle show a general trend that 
as the elevation angle increases the multipath content of the signal decreases and in 
any particular environment have a mean value for the given environment, increasing 
as the elevation angle increases from around 10 to 25 dB at the high elevation angles. 
The standard deviation was found to be nominally around 3 - 5  dB.
The frequency selectivity nature of the channel show wide fluctuations, but was found 
to be worst in the Urban and Wooded environments. However, the Coherence 
Bandwidth was generally greater than 2.0 MHz at L-Band and 3.0 MHz at S-Band in 
most of the environments.
Narrowband statistics have also be derived from the wideband measurement data in 
the form of Level Crossing Rates and show the channel for the higher elevations to 
have a Rician distributed process. These results are consistent with the high elevation 
Narrowband results published in the literature and cited in Chapter 3. The level 
crossing rates near the direct path signal imply that in a mobile satellite 
communication system should be able to equalise the channel fluctuations to maintain 
a reasonable link quality for Narrowband applications. Normally, the higher the 
crossing rate lower is the fade duration, which has implications on error rates.
A wideband channel model is proposed applicable to mobile satellite systems at L and
S-Bands. The model is of the Tapped Delay-line type, comprising a transversal filter 
structure with equidistant time shifted taps. The model parameters have been derived 
from the measurement campaign of this study, and defined by six discrete taps, where 
each tap is described by its complex time-varying amplitude including its statistical 
distribution and corresponding Doppler spectrum. Additionally, the model has been 
validated using an independent data source.
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8.3 System Implications of the Wideband Channel
One of the most significant parameters describing the channel required by the system 
designer is the Coherence Bandwidth. The measurements indicate that the frequency 
selectivity of channel was in general above 2 MHz in all environments. This implies 
for moderate data rates the channel will be frequency flat and that the systems would 
not require any equalisers. If higher data rates are required, then equalisers may be 
needed or a higher order modulation scheme could be implemented. Other 
techniques, such as OFDM could also be used. In the Urban and Wooded 
environments it is the attenuation level of the signal that will be a more significant 
parameter of concern to the system designer rather than the wideband parameters in 
most cases.
8.4 Suggestions for Further Work
In Chapter 6 it has been shown in the Results Quantification that a large amount of 
data has been collected during the Measurement Campaign. Approximately, 40% of 
the data has been analysed with respect to the wideband parameters, (Average Delay, 
RMS Delay Spread and C/M Ratio) giving the general trend of the channel behaviour 
in the various environmental categories covered.
* Further statistical analysis needs be carried out on the echoes to determine their 
distributions in all the environments and elevation angles.
* Further analysis needs be carried out on the Doppler spectra of the echoes in 
all the environments and elevation angles, in order that they can be incorporated 
into the channel model.
* The far out echoes need to be analysed in more detail from the data, to 
determine their amplitude distributions and frequency of occurrence 
distributions.
* A statistical analysis of the phase information needs to be performed to 
determine the true distributions from the measured data, to confirm if the 
assumed uniform Gaussian distribution is applicable in all situations 
(Environments and Elevation Angles).
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The data can be analysed using Wavelet transforms as opposed to the Short 
Term Fourier Transform, to establish a more continuous analysis of the channel 
in the Frequency domain.
In most cases the vehicle was travelling sufficiently slowly, (6 kph), for the 
Doppler to be analysed at L-Band as indicated by the example given in Chapter 
4, [3]. However, this is not the case for S-Band, where the vehicle was 
travelling too fast for the maximum Doppler to be resolved.
A detailed analysis on the L and S-band data to determine the level of 
correlation, as simultaneous measurements were performed.
A more detailed analysis of the Phase II measurements, to characterise the 
Azimuth angle effects on the wideband parameters, Fish eye pictures have been 
taken of the surrounding environment, and a video record of each run from the 
helicopter was taken to assist in this analysis.
As shown in Chapter 3 and in the Narrowband modelling section to Chapter 7, 
there is little data at S-Band at the lower elevation angles (> 45°). Further 
Narrowband statistics can be derived from the wideband data at S-Band to 
provide a contribution to this short fall in the Narrowband propagation database, 
instead of carrying out an additional and expensive Narrowband measurement 
campaign at S-Band at low elevation angles.
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Appendix A l
Phase 1 Measured Antenna Characteristics
CSER Helical Antenna Measurements
LI Antenna Radiation Pattern
S 1 Antenna Radiation Pattern
CSER Quadrifilar Helix Antenna Measurements
L - Band Antenna Radiation Pattern : H & V Cuts, Tx Antenna Linear 
S - Band Antenna Radiation Pattern : H & V Cuts, Tx Antenna Linear
Phase 2 Measured Antenna Characteristics 
Phase 2 Measurement Antennas
L - Band Antenna Radiation Pattern : H & V Cuts, Tx Antenna LHCP 
S - Band Antenna Radiation Pattern : H & V Cuts, Tx Antenna LHCP
ESTEC Low Gain Antenna Measurements (L-Band)
L - Band Antanna Radiation Pattern (CF = 1537 MHz)
L - Band Antanna Radiation Pattern (CF = 1637 MHz)
c. Radiation Pattern Cuts
C l PI 2026.75 MHz
6 = 90° 0° < 0  < 360°
C2 PI 2026.75 MHz
0 = 0 °  0° < 0 < 360°
C3 PI 2026.75 MHz
0  = 90° 0° < 8 < 360°
C4 PI 2026.75 MHz
Lineales 0 = 0°
C5 PI 2026.75 MHz
Lineales 0 = 90°
C6 PI 2201 MHz
Lineales 0 = 0°
C l  PI 2201 MHz
Lineales 0 = 90°
Reference 
ESTEC Antenna Documentation (S - Band)
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Appendix A2
Analysis Procedure and Software Routines
In this Appendix, the data processing method is detailed from the acquisition through 
to the analysis of the wideband data using Matlab routines developed. An overview 
of the data processing is initially given, along with a brief description of the Matlab 
routines developed for the analysis. A flow diagram of the data processing procedure 
is also provided for quick reference.
During the measurement campaign the raw data was stored on a Racal Storeplus-VL 
FM Tape recorder using VHS Tape media. This raw data was transferred off-line onto 
Compact-Disc media for archive and subsequent data manipulation via Data 
Translations Global lab software package. This software package incorporates both 
the Data Acquisition software as well as the file management software. The package 
has a user friendly interface with pull-down option menus, operated from keyboard 
control or a computer mouse. Owing to the large size of each data file (<100Mbytes) 
small sections of data equivalent to 1 minute were identified for analysis. This equates 
to 100 m of travelled distance measured in the chosen environment for a particular 
elevation angle. These sub-files of data were then exported and converted into 
individual ASCII-files (10 Mbytes each) using the Globlab package as detailed below. 
Longer sections from the Raw Data can be created, however, these files will 
consequently be larger which will require a reasonable amount of computer memory 
during the processing and analysis.
Note : The ASCII - file size recommended for analysis above are in the order of 10 
Mbytes each, the Data analysis requires five files giving a total in excess of 50 
Mbytes of data to be manipulated.
The Global lab software is a PC/dos package, once the sub-files had been created in 
ASCII format they were transferred and converted to a UNIX environment over the 
network for subsequent analysis using the Matlab routines developed.
1.2 Data Pre-Processing
A three stage approach has been adopted before the data can be analysed using the 
Matlab software routines developed.
1) Create a small section from the selected Data File and create five  ASCII-Files. 
These are created using the Globlab Export file command and selecting ASCII 
as the exported file format.
2) Convert the data from Cartesian form to Polar form this is achieved via the
routines written in standard ANSI - C programming language :
iql.c, iqs.c and refZ.c
3) The output files from these routines enables the data to be analysed via Matlab
routines that have been developed specifically.
The Output Files are:
pwrlf, pwrsf and reffO 
Note : The executable files require the following space de limited ASCII files.
For L-Band: iql /- data file name Q- data file name { /- dc offset Q- dc offset} 
For S-Band: iqs /- data file name Q- data file name { I- dc offset Q- dc offset}
For the Reference file: ref2 Reference data file name Reference data file name
[EG. iql Urb30_li.asc Urb30_lq.asc for the L-Band Data 
iqs Urb30_si.asc Urb30_sq.asc for the S-Band Data 
ref2 Urb30ref.asc Urb30ref.asc for the Reference Data ]
Note The dc offset parameters {.} are not entered only the respective I  and Q 
ASCII - file names are entered as shown in the example above.
The dc offset parameters if required are entered in the Files param sJL and params_S 
via a File Editor (XEDIT or VI), which are used in the iql.c and iqs.c routines.
The dc offset parameters are required due to the FM tape recorder’s dc offset null 
facility operating intermittently on some of the data. The level of dc offset required 
can be identified from the graphical representation of the data displayed using the 
Globlab software. Alternatively, by scanning visually the first few samples of the
exported ASCII - formatted data files, a reasonable estimate as to the average level of 
dc offset can be made. It is this figure that is required in the two params_* files
There is an 8:1 time relationship between the time displayed on the screen when using 
the Globlab software package and the real time. Thus, for a time of 8 minutes 
displayed on the screen there is only 1 minute of real time data shown. This was done 
by slowing down the FM recorder on play-back and improve the sampling rate as the 
A/D converter had a maximum sampling rate of around 2.5 KHz/Channel. Thus an 
actual sampling rate of 20KHz/Channel was achieved, which meant that there were 16 
samples in each correlation pulse or 1016 samples in every code frame of 127 bits. 
However, for the HW30.dat files only there is a 1:1 time relationship, as the data was 
recorded at the slower speed during the measurements in error.
1.3 File Formats
The input files have the following format :- 
Raw Data File Name Format
Environmental Category Elevation Angle.dat (ie openl5.dat, urbl_30.dat).
Example of the five Output File Names as applied to the first Urban data section at an 
Elevation Angle of 30°.
Input File:- Raw Data File (Read using Globlab) urbl_30.dat 
Output Files:- Individual ASCII - Data files (created using Globlab)
Urb30_li.asc Urb30_lq.asc I  and Q ASCII - files L-Band
Urb30_si.asc Urb30_sq.asc I  and Q ASCII - files S-Band
Urb30ref.asc Reference Data file
Vehicle Speed File Format
Environmental Category Elevation AngleVS.dat (i.e. openl5vs.dat, urbl_30vs.dat). 
A Table of all the Files Names can be found in the Appendices.
1.4 Matlab Routines
In the following sections a brief description of each routine is given.
The main Matlab routines that were developed for analysis are :
1) pavl.m 2) Pdell.m 3) pav3.m
4) multpwr.m 5) multbin.m 6) Bcfftm 7) resplotm
pavl.m
The main function of this routine is to calculate the Average Power Delay Profile 
from the files
pwrlf, pwrsf and reffO that were generated by the ‘C  programs 
iql.c, iqs.c and ref2.c respectively.
The routine is interactive in that the user provides answers to specific questions:
1) Enter L or S- Band data is to be analysed
2) Enter the Code Length (Normally 127)
3) Enter the Number of power delay profiles to be Averaged (Normally 20)
These in turn sets the basic requirements for the Average Power Delay Profile to be 
calculated. Following calculation of the Average Power Delay Profile it is displayed 
at the end of the routine.
4) Enter the cut-off level in dB for subsequent calculations 
This level is estimated from the plot of Average Power Delay Profile.
A 3D representation of the power delay profiles that were averaged can be displayed 
and is optionally offered as is a hard copy of the figure.
Note : The routine pavl.m must be run first before any of the other routines are 
executed.
Pdell.m
This routine calculates from the Average Power Delay Profile the following 
Wideband Parameters as detailed in Chapter 2:
Average Delay, Delay Spread, Delay Interval, Delay Window and 
C/M Ratio
The results are listed in tabular form at the end of the routine and saved in an output 
file profile.dat or profils.dat depending whether L- or S-Band data was used. 
pavS.m
This routine when followed by pavl.m automates and calls up the routines
Pdell.m and multpwr.m 
Normally Twenty profiles are averaged and the wideband parameter results are stored, 
in various output files. The averaging process is repeated until the end of the data is 
reached.
The following data is stored with the output file formats shown
Average Delay, RMS Delay Spread, C/M Ratio, Distance and Total Excess Delay
Environmental Category Elevation Angle L- or S-Band (ie sub451.dat, urb60s.dat)
The multipath bin output files are suffixed with m (i.e. sub451m.dat, urb60sm.dat)
The Delay Interval and Window are suffixed with iw (i.e. sub451iw.dat,
urb60siw.dat)
The filenames must be edited into the routine before it is run otherwise the routine 
will over write into an existing file (ie. the previously used filename).
multpwr.m
This routine determines the power in each 100 ns bin of the Average Power Delay 
Profile.
multbin.m
This routine is used in the calculation of the echo power distribution and increases the 
echo power level where necessary to correct for the measurement scenario adopted for 
satellite simulation as discussed in Chapter 4. The routine also plots the relevant 
histograms of the direct and echo path amplitudes.
Bcfft.m
This routine calculates and displays the Correlation Bandwidth by taking the Fourier 
Transform of the Average Power Delay Profile calculated by the pavl.m routine.
resplotm
This routine outputs the analysed data with respect to Elevation Angle in Graphical 
form as shown by the figures presented later in this Chapter.
Flow Diagram of Data Pre-Processing Procedure with Example
Export this Data and give it a New File Name (ie. urb60_l.dat)
Open the New Data File (urb60_l.dat)
Select each Channel Individually using Curve,Open,Chxx
Select Data File to be Analysed from Data Files on CD-Media
Browse the Data File using Window,Scale, Browse facility
Open Data file Using the Globlab software package: 
Statpack,File,Open
Select the Section of data to be Analysed 
via the Window,Scale,Zoom facility
Run the Matlab routines 
Starting with pavl.m
Exit G lob lab  Software Package 
Convert *.asc files to Unix format
Export each Channel as an ASCII - File 
Giving each File a unique logical File Name 
(ie. urbôOli.asc, urb60Iq.asc 
urbôOsi.asc, urb60sq.asc 
urb60rf.asc)
Note:- Five ASCII-Files should be created
( E.G. iql urb601i.asc urb601q.asc 
iqs urbôOsi.asc urbôOsq.asc 
ref2 urbôOrf.asc urbôOrf.asc)
Edit the dc offset Parameters in 
params_L and paramsjS 
Run the ‘C’ routines 
iql iqs and ref2
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Phase Locked Oscillator Performance
Manufacturer 
RF Prototype Systems 
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Appendix A4
Manufacturer 
HDC Research
Wessex Electronics 
Wessex Electronics
Avantek
Avantek
Manufacturers Specifications 
Device
5 MHz Oscillators
RF Power Amplifier 
RF Power Amplifier
Low Noise Amplifier 
Low Noise Amplifier
Type No. 
125SC
ANP - 0126S 
ANP - 0213S
A C T-161223-1 
AMT - 2432
P r e c i s i o n  Oven C o n t r o l l e d  C r y s t a l  O s c i l l a t o r s
HOC 12 5 S e r i e s
T h i s  r ange o f  o s c i l l a t o r s  meets  a l mo s t  a l l  r e q u i r e m e n t s  f o r  h i g h  q u a l i t y  
r e f e r e n c e  f r e q u e n c y  s o u r c e s .  Bes t  p e r f o r ma n c e  i s  o b t a i n e d  f r om t he  
d o u b l e  r o t a t e d  SC c u t  c r y s t a l  used in t h e  125SC a t  5MHz and 145SC a t  
10MHz o r  f r om t he  o v e r t o n e  AT c u t  c r y s t a l  i n t he  125L a t  5MHz. For  l e s s  
demanding a p p l i c a t i o n s  t h e r e  a r e  reduced s p e c i f i c a t i o n  v e r s i o n s  o f  t hes e  
o s c i l l a t o r s .  The HCD126R i s  a v a i l a b l e  o v e r  a range o f  f r e q u e n c i e s  f r om 
4MHz to  26MHz and i s  o f t e n  f ound  as a channe l  f r e q u e n c y  g e n e r a t o r  f o r  
m u l t i p l i c a t i o n  up t o  VHP o r  h i g h e r .
F o r '  VHP a p p l i c a t i o n s  t he  HCD185R o f f e r s  a s o u r c e  o f  h i g h  s t a b i l i t y  
s i g n a l s  on f r e q u e n c i e s  up t o  125MHz.
V a r i a t i o n s  can o f t e n  be m a n u f a c t u r e d . For  r e q u i r e m e n t s  no t  s a t  i s i f e d  by 
a s t a n d a r d  o s c i l l a t o r  p l e a s e  c o n t a c t  us.
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tavantek CERTIFICATE OF COMPLIANCE 
SFA/POWER TEST DATA SHEET
MODEL 2 / /J 3 2 - -----------
sJOISE SOURCE NO. 
vJOISE FIGURE 
PIETER NO. % / jL
B^CURRENT DRAWN FROM SUPPLY
□  115/230 VAC SUPPLY
%
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SERIAL NO. ------------
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2 , 3  ÇT 3 0 . 7 , /  . 2 /  . V 5 / . O S / y .  y
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. ,
. e
Min 3 0 . 5™ / y . 3
Max 3 !  . 7 - / . V S / . 2 2
!
ENVIR ON M ENTAL TESTING
TEST LO C ATIO N
DATE
COMPLETED
FREQ GHz
. !
A /  l A
• * ' ^ — n H tr
. *
ADDITIONAL NOTES:
1. Measurements taken at room temperature 
unless otherwise noted.
2. Measurements taken at 1 dB Gain 
Compression unless otherwise noted.
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amplifier test data
116 NORTH STREET DOWNEND BRISTOL BS16 5SE PHONE (0272) 571404
6901A-06-003
TELEX 449
Model No: ANP—0126S Medium Power Amplifier 
Serial No:_JA-4 2
Parameter
Gain
Frequency
27dB min
Gain Variation versus Frequency 2dB max. 
Input VSWR 
Output VSWR
Output Power @ IdB G.C.
Current Consumption 
Noise Figure
Specification 
1.55GHz +/- 10MHz
9.6dB min.
9.6dB min.
SOdBm min.
1200mA max.
4dB max.
Test Conditions
DC ................ +15V
Case Temperature...... 4 0  +/— 10°C
R esu lt
l '5 4 6 H z - l‘5é Gif
3F'4 dB 
0  9 c( f)
IQ-5JI6
2 3 '8  d  8 
3 3 - ( , 2 cI 6
3 ' 4  ci S
Tested by:
Inspected by:
Date: (q -
Date:
m
S tS I B X AMPLIFIER TEST DATA
16 NORTH STREET
6901B—06-003
DOWNEND BRISTOL BS16 5SE PHONE (0272) 571404 TELEX 44911
Model No: ANP—0213S Medium Power Amplifier
Serial No: 3 4 54".
Parameter
Frequency
Gain
Specification 
2.325GHZ +/- 10MHz 
27dB min.
Gain Variation versus Frequency 2dB max.
Input VSWR 9.6dB min.
Output VSWR 9.6dB min.
Output Power @ IdB G.C. SOdBm min.
Current Consumption 1200mA max.
Noise Figure 4dB max.
Test Conditions
DC................... +15V
Case Temperatrue.....40 +/— 10°C
Tested by:
Inspected by:
Result
2-3 2-335 Cfl
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